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Reprinted from Thk Anatomical Record, 
Vol. lA, No. 1, January. 1918 



A pedigreed strain of Uwin' Oxyiricha, J. A. Dawson, Osborn Zoo- 
logical Laboratory, Yale University. (Introduced by L. L. Wood- 
ruff.) 

There appeared, on July 27, 1917, in a six-day-old stock culture 
from a pedigreed race of Oxytricha, several pairs of apparently fused 
animals. These were isolated and from them pedigreed strains of 
double or 'twin' animals have been carried, thus far, for over one 
hundred generations — 'twin' producing 'twin' in each generation. 

The two cells forming a 'twin' are closely and firmly fused dorsaUy, 
though the anterior ends are very slightly separated. The 'twins' 
swim actively with a characteristic rapid rotation on their long axis. 
The normal single animal of the race from which the 'twin' strain 
was derived has the macronucleus in two portions, as is usual in the 
genus Oxytricha, but no demonstrable micronuclei. Cytological study 
of the 'twins' shows simply a doubling of the normal characteristics. 

Reproduction of 'twins' is by transverse fission, and has given, in 
certain cases, as high as 100 per cent of 'twin' progeny for five genera- 
tions. Occasionally a 'twin' separates into two single animals, which 
are normal in every respect, except that the anal ends, where separa- 
tion occurs, retain for an hour or so pointed projections. 'Twins' 
which show a slightly more marked separation at the anterior end 
form, when transverse fission takes place, two normal single animals 
from the anterior end and one 'twin' from the posterior end. Normal 
single animals resulting from 'twins' continue to divide as usual. The 
division rate of the 'twin' strain is equal to, or slightly greater than, 
that of the race of normal animals from which it arose. The propor- 
tion of the animals remaining 'twins' seems to be increasing as the 
strain grows older. The 'twins' of the present generation are appar- 
ently identical in structitfe with those which originated the strain. 

A morphological and physiological study of this 'twin' strain is in 
progress. 
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[Reprinted from The American Natubaltst, Vol. LII., JaDuary, 1918.] 

A PRELIMINARY REPORT ON SOME GENETIC 
EXPERIMENTS CONCERNING EVOLUTION 

RICHARD GOLDSCHMIDT 

The nature of the gene, the variability of factors and 
the effects of selection are favorite topics of recent dis- 
cussion, which is well known to geneticists. The latest 
publications of Jennings and Castle will stir up anew the 
uncompromising parties and lead to new discussions. We 
think it advisable, therefore, to give a brief account of 
certain parts of a very large body of work on fundamental 
questions of evolution which we have carried on during 
the past nine years, with the collaboration of Dr. Seiler 
and Dr. Poppelbaum. Although some parts of the work 
have been finished for some years, we do not intend to 
publish a full account until all the details are worked out. 
But as certain results have already allowed us to form 
definite views in regard to some fundamental questions 
of evolution, we may present them, together with ex- 
amples of the experiments in question. 

The majority of the experimental work in regard to 
the fundamental problems of evolution has been done 
with domesticated animals and their mutations (rats, 
Drosophila) or with Protozoa, which present the compli- 
cation of asexual reproduction. We have directed our 
attention to experimental analysis of such phenomena in 
nature, which must give basic information about evolu- 
tion, and we have studied the following phenomena : 

1. The Geographic Variation of the Gypsy-moth.— This 
well-defined species is spread over a great part of the 
globe. In different habitats, however, different races are 
found. How many of these exist can not be stated, but 
the number must be extraordinarily large, as we know 
but two localities where the same race is found. We 
have found all the races to be perfectly fertile with each 
other, with the exception of one combination which has 
never been successful. We have studied and are still 
studying the genetics of a large number of these races. 

28 
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2. The Melanism of the Nun-moth, Lymantria mo- 
nocfea.— The nun is one of the moths which have devel- 
oped melanic varieties within recent times; and these 
melanic varieties, which were extreme rarities not many 
decades ago, have almost supplanted the original white 
form. We have worked out the genetics of this case and 
shall publish the details when conditions permit. Some 
of the results were read before the German Zoological 
Society in 1911 but no abstract was published. 

3. The Genetics of Alpine Varieties, especially of 
Parasemia plantaginis and the Itaiia/n Races of Galli- 
morpha dominula.-—This work has been broken off by the 
war, but some of the first results are available. 

We shall begin with a few facts concerning the geo- 
graphic variation of the gypsy-moth. We have here a 
form that is spread all over Europe, through Siberia into 
China, and all over Japan, infesting, furthermore, part 




Fio. 1. Types of Caterpillars from different races after the first moult. 
Drawings by Mr. Yokoyama, Tokyo, 1914. 

of the Atlantic coast of the United States. We have 
studied races from different parts of Europe and Japan 
and the Massachusetts form and we have found different 
forms in comparatively near-lying regions. Thus the 
races from the Rhineland, Silesia and Hungary are dif- 
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ferent from each other and from the Massachusetts race 
(probably imported from France). All of them are dif- 
ferent from the Japanese races and these again differ 
in the different parts of Japan. The characters of dif- 
ference are manifold; we shall confine ourselves here to 
a single character, more interesting and more character- 
istier than the others— the markings of the caterpillars. 
Fig. 1 shows caterpillars of a few races after the first 
moult. We see here some of the transitional stages from 
a very light to an almost black caterpillar. The genetic 
study of this character of marking shows that we are 
dealing here with a primary type of marking which be- 
longs to the entire group of moths in a similar form, that 
is, the light pattern. All the darker forms have the same 
genetic basis of marking, on which, however, dark pig- 
ment encroaches increasingly until the markings prac- 
tically disappear. We may now divide this increasing 
melanism into ten classes and place the lightest individ- 
uals in Class X and the ones without marking in Class I. 
It must be added that the dark series extends beyond Class 
I, but the difficulty of classifying them is such that no 
darker classes have been adopted. 

The young caterpillars of the different races show 
markings which fluctuate around a mean at a certain point 
of the series and this behavior is remarkably constant 
for the different races. The following Table I gives a 
few polygons for different European and Japanese races. 



TABLE I 
Class rREQUENcncs in Pro Cent. 
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f{ 4.1 1Q 1 


44 






1 


WA56 


100 


1 . . , . . 1 - - 

















Digitized by 



Google 



No. 613] EXPERIMENTS CONCERNING EVOLUTION 



31 



In crosses of these different types Fi is about inter- 
mediate, as some curves in Table II show.^ 

TABLE II 

F,. Class Frequencies in Per Cent. 



Breed 


Cross 


1 1 II 


lU 


IV V 


VI 


VII 


VIII 


IX 1 X 


VA17 


S XK 
KXS 
S XA 
AXS 
S XO 

oxs 

KXH 
GXM 
MX A 


1 




.. , 17.3 


29.6 
14.4 
28.7 
13 
27.9 
66.9 
0.7 
32 
20 


39.9 

42.2 

25.9 

3 

22.4 
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13.2 
0.9 

0.8 
49.6 


49 




VA18 


. . ( . . 




9.2 33.3 

. . 1 45.4 

11 15 

4.7 67.4 

9.9 




VA21 

VA22 

VA23 


9 20 

. . 1 . . 


29 
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VA37 






24 ' 34 
10 1 70 


07 


WA83 

WA88 


.. .. 
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And F2 gives a 1 : 2 : 1 ratio, or 3 light + medium : 1 dark, 
whatever races are involved. (This statement should be 
taken only on its face value. As a matter of fact, we find 
here, within the invariably present ratio of 3:1, very 
strange details of the kind described as ** gametic con- 
tamination," and, furthermore, an obscuring of the ratio 
in earlier stages followed later by the right ratio, ap- 
parent lack of segregation, etc. From a purely genetic 
point of view, the analysis of these phenomena consti- 
tutes the most interesting part of this work, but it has no 
special relation to the problems here under discussion.) 
Back crosses, however, give a 1 : 1 ratio. The following 
table gives a few data of this kind. 

TABLE m 



Breed 



Fi From 



Dark, Per Cent. 



Light + Medium, 
Per Cent. 



WA12.. 
WA13a. 
WA24b. 
WA28a. 
WA31.. 
WA18.. 
ZA20... 
ZA9.... 
ZA12... 



SXK 

KXS 

SXKy 

AXS 

OXS 

SXH 

OXM 

MXH 

GXM 



I 



23.8 
25.5 
25.9 
25.3 
26.2 
30.2 
22.1 
25.8 
25 



76.2 
74.5 
74.1 
74.7 
73.8 
69.8 
77.9 
74.2 
75 



1 We give here a few random examples. The amount of actual material 
is very large, as more than 100,000 caterpillars have been bred and studied. 
We refrain, furthermore, from all such details as behavior in reciprocal 
crosses, etc. 
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The actual curves look like the example in Table IV of 
an Fg cross. 

TABLE IV 
ZA9 P, FBOM M X H 





, ' i 


U 


1 III 1 


IV 1 V 


VI 


VII 


VIII 1 


IX 


X 


Individuals 

Per cent 


...24 ' 
... 25.8! 


•• 


' .. i 
. . . ' 


..13 
14 


9 
9.7 


29 
31.2 


15 1 
16.1 


3 
3.2 


•• 



The sum of all the hundreds of curves shows that we 
are dealing here with a case of multiple allelomorphism : 
The pigment factor, producing the gradual covering of 
the markings, is present in the different races in different 
degrees, all being allelomorphic to each other. 

Thus far we have dealt only with the very young cater- 
pillars. Their further history in regard to the effect of 
these factors leads us one important step further. We 
find mainly the following types of behavior within the 
pure races: (1) Light marked caterpillars, which remain 
practically the same throughout the entire larval life. 
(2) Light-marked caterpillars which grow darker with 
every moult and finally are about medium or more than 
medium dark. (3) Light-marked caterpillars which 
change during the larval stage, so that they finally are all 
dark. (4) Medium light caterpillars of different degrees 
changing to dark during larval life. In the following 
tables we give a few examples of these races, showing the 
shifting of the type of marking during the stages of larval 
life. The large range of variation after the third and 
fourth moult visible in these tables is due more to a dif- 
ferent speed of shifting in different individuals than to 
the initial variability. This is shown in Table VI, which 
gives an example of the shifting of types of pigmentation 
during the larval stages for a series of isolated individ- 
uals of some of the pure races. 

The genetic analysis of this phenomenon seems to re- 
veal the real nature of the multiple allelomorphs, which 
cause these different tjj^es of pigmentation and their 
behavior during development of the caterpillars. With- 
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TABLE V 
Examples of Shifting Races 

Bace S 
Class Frequencies in Per Cent. 

I 1 II 1 III 1 IV V VI 1 VII j 


VIII 


IX ' 




Stage of Caterpillars 


X 


3 


.. , .. 1 j 


.. t .. 


38.6 

55.3 
2.4 


54.5 1 

31.7, 

i 

• • t 


6.9 


4 




. . ' . . 1 . . 


11.8 
12.2 . 1 


1 ?. 


5 
6 


29.3 
64 


24.4! 9.7 j 12.2' 9.8 1 

16 1 16 ' 4 i .. 










Race A 


VII 


VIII 


|xx'- 




Stage of Caterpillars 


' I II 


III j IV 1 V 1 VI 


X 


3 


.. ' ' 19 


43 38 
58.1 , 6.4 

! . . 


1 VIII 


( 

1 
IX 




4 




. . . . 35.5 




5 


14.3 1 42.9 


4.7 9.5 28.6 




6 


100 






~" 






Bace G 




Stage of CaterpUlars 


I 


II 1 III 1 IV V VI 


VII 


X 


3 

4 


1 


.. , .. 1 .. .. 
. . 1 . . ■ . . 1.4 


35.2 
22.8 


11.8 

33.8 

9 


57 
28.2 


31.2 

1 1.4 




5 


' 3.6 


7.2 , 14.4 1 18 25 




6 


! 100 1 .. 





TABLE VI 

Examples of Shifting as observed in Individuals with Different 
Number op Moults 



Claas of the Individual after Moult 



3 



H. 



ZA3.6 

ZA3.7 

ZA3.4 

ZA3.1 

ZA4.1 

ZA4.3 

ZA4.4 

ZA4.8 

ZA4.13 

ZA6.11 

ZA6.7 

ZA6.5 

ZA6.6 

ZA6.17 



IX 
VIII 

IX 
VIII 

VI 

V 

VI 
VII 

VI 
VIII 
VIII 
VIII 
VIII 
VIII 



VII 
VII 
III 
VII 

V 
III 
VI 

V 



II 

I 

I 

I 
III 

I 
IV 

III 



V 


IV 


VIII 


VI 


VI 


VI 


VIII 


VI 1 


VIII 


IV 


VI 


V 



I 

II 
I 
II 

IV 

III 
III 
III 



cf 
9 
9 
& 
cf 
9 
9 
9 
d^ 

9 
9 
9 



out going into details, which would necessitate a multi- 
tude of tables and curves being given, the following points 
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are of importance: (1) F^ between a non-shifting light 
race and an always dark race is intermediate, or some- 
what lighter in the beginning. But by progressive stages 
the hybrid caterpillars shift over into the dark classes. 




Pio. 2. First row : hybrid between the two parental races after second 
moult. Second row: Hybrid (left) and light parental race (right) after fourth 
moult. Drawings by Dr. Poppelbaum, 1912. 

Fig. 2 represents caterpillars from a cross of this type. 
(The exact curves that belong with these pictures are re- 
produced in our ^ ' Einf iihrung in die Vererbungswissen- 
schaft," 2d edition, 1913, p. 170, Fig. 66, as an example 
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of change in dominance during development.) (2) The 
same thing happens in certain Fj crosses, reversing com- 
pletely during larval life the original ratio of lights and 
darks. (3) The different races involved are characterized 
by a difference in the speed of differentiation, as shown in 
the actual curves. This velocity is also caused by genetic 
factors. Where these recombine with the pigmentation 
factors, the entire situation of the Fg curve is shifted 
(without changing the 3 : 1 ratio), showing that the visible 
effect of the pigmentation factors is bound to a certain 
velocity of differentiation. (4) The shifting of the type 
of pigmentation from light to dark during larval life of 
certain races or hybrids is a process which progresses 
constantly with time. This is seen when isolated indi- 
viduals are studied which belong to races that differ in 
regard to the number of moults and exhibit the shifting 
simultaneously. There are races where all the male cater- 
pillars have four moults and the females either four or 
five; other races where the males have four, the females 
five ; others where both sexes have five moults ; and in the 
last case even a sixth moult occasionally occurs. In these 
cases we see that every new moult produces a further 
shift to the dark side of the curve, showing that the class 
of pigmentation to which a full-grown caterpillar belongs 
is in this case a function of the time of differentiation. 
The same fact can be demonstrated in a shifting race by 
prolonging the time between two moults by starvation 
(which succeeds only to a certain extent). In experi- 
ments of this sort it has been possible to get the shifted 
type of pigmentation, characteristic of the fourth stage, 
in some individuals in the third stage. Table VI also 
contains a few random data on the first point. (6) In 
shifting hybrid cultures there appear comparatively 
often mosaic-caterpillars, showing different classes of 
marking on right and left sides. The distance between 
these two different classes is approximately kept up when 
shifting occurs during development. The following ex- 
ample demonstrates this fact: 



Digitized by 



Google 



36 



THE AMERICAN NATURALIST 
TABLE Vn 



[Vol. Ln 















2 


3 4 


6 




1 Right 


Left 


Rlgbt Lett Right Left 


Right Left 


WA61, 27 


1 IV 


III 


IV 11 III I 


I I 



These caterpillars always give normal moths and nor- 
mal offspring. 

A careful consideration of these points shows clearly 
what these multiple allelomorphs for pigmentation really 
are : They are different quantities of the substance which 
we call a gene which act according to the mass-law of 
chemical reactions, L e., produce a reaction or accelerate 
it to a velocity in proportion to their quantity. In our 
special case it means that the factor stands for a metabolic 




F»«aT MOUUT 



uA«r»<*o<JCT 



Fig. 3. 



activity proceeding with a definite velocity dependent 
upon the quantity of the factorial substance present. 
This activity finds its visible expression in the deposition 
in the skin of increasing quantities of certain products of 
protein decomposition which as chromogens are oxidized 
into melanin pigments. The effect of the different quan- 
tities of active substance (enzyme T) which we call the 
multiple allelomorphs upon the progressive pigmentation 
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of the caterpillars is then represented by the graph on 
p. 36 (Fig. 3). 

Given a definite quantity of the factorial substance and 
identical conditions, the velocity of the reaction is con- 
stant. Thus the final result depends upon the amount of 
the factorial substance present and the independently in- 
herited rapidity of differentiation, which determines the 
situation of the growth-stages on the abscissa (the dotted 
lines). Thus the above quoted facts as well as the multi- 
tude of details not mentioned can be easily derived from 
this graph. The last named mosaics are of course the ex- 
pression of small differences in the velocity of differen- 
tiation in symmetric halves of the body, which are well 
known to embryologists. 

These conclusions in regard to the real character of 
multiple allelomorphs are the same as those derived from 
other characters in the same objects. In our work on 
intersexuality we were able to prove, to as great an extent 
as a genetic proof can possibly be carried, that the dif- 
ferent geographic races of the same moth differ in re- 
gard to the absolute and relative quantities of the sub- 
stances, which we call the sex-factors. In the genetic 
language of the present day we should call them, there- 
fore, multiple sex-allelomorphs, a conception which indeed 
we have always used (without this recent term) since our 
first report about this work in 1911. In the case of inter- 
sexuality we can furnish facts very similar to those about 
the caterpillars, if we consider certain features of the 
wing colors. In normal males a certain amount of pig- 
ment covers the entire wing, whereas the female wing is 
unpigmented. This pigment is formed by the oxidation 
of a chromogen deposited within the scales. There it 
flows from the wing veins with the blood. By a detailed 
analysis we are able to show that an intersexual male is a 
genetic male which developed as such up to a certain 
point when the development suddenly began to continue 
under the aspects of femaleness. One of the results of 
male metabolism is the production of these chromogens 
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in late larval stages. This production is therefore 
stopped when female metabolism sets in; when then the 
time arrives in development, when the chromogen spreads 
over the wing scales, its available amount is proportional 
to the relative lateness of the reversal of sex. Therefore, 
with increasing intersexuality, the pigment flowing from 
the veins covers a smaller and smaller area of the wing, 
finally being confined to the neighborhood of the veins. 
As* the analysis of the other intersexual organs allows 
an accurate determination of the time factor involved, we 
have here a very close physiological parallel to the facts 
about the caterpillars. 

In most other cases of multiple allelomorphism only 
the results can be seen, and it will be difficult to work out 
the time factor, which proves that the multiple allelo- 
morphs are different quantities of an active substance. 
(Some botanical subjects ought, however, to be favor- 
able.) But in comparing the other facts about multiple 
allelomorphs with our cases, we feel confident that, where- 
ever a similar analysis can be applied, the results will be 
the same. For example, all the cases of quantitatively 
different pigmentation, which are of multiple allelo- 
morphic nature, like Castle's hooded rats or our different 
cases of melanism in moths, show that the effect of the 
different factors is that different quantities of pigment 
spread from different *' points of outlet,'* which of course 
are hereditary traits of the species or group ; the similar 
effect, therefore, leads to suspect a similar cause. 

If our conclusions regarding the nature of multiple 
allelomorphs are accepted, it must lead to a different intel- 
lectual attitude toward the problem of variability of 
genes, which is so important for evolution. The opposi- 
tion to the view has been, we believe, primarily on aprio- 
ristic grounds. In the long controversies of recent years 
regarding the interpretation of Castle's work the logical 
side of the case seems to have always been in the fore- 
ground. The same is the case when E. Baur calls our 

2 See pictures in Jour, Exp, Zool, 22, 1917, pp. 614-15. 
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views in regard to the variability of the sex-factors 
a priori inadmissible. We believe that this intellectual at- 
titude toward the problem is the result of Johannsen's 
doctrine of agnosticism in regard to the nature of the 
gene, which resulted in a kind of mystic reverence, ab- 
horring the idea of earthly attributes for a gene. (Our 
distinguished opponents will excuse this somewhat ex- 
treme statement.) If, however, it can be proven that 
genes are substances with the attribute of definite mass, 
it would be illogical to deny their variability. Nobody 
will claim that a gene is a substance that passes unaltered 
from generation to generation. The elementary facts of 
development and regeneration show that this substance 
grows, at least, and increases in quantity. If, now, the 
substantial basis of heredity in the sex-cells is established 
by the assembling of all the factor-substances in their 
characteristic quality and their correct quantity, the sit- 
uation is the same for the gene as for any other organic 
process: the varying conditions of the surroundings of 
the gene cause a certain amount of fluctuation in its quan- 
tity. This conclusion entirely changes the logical aspect 
of the question, whether or not a change of the gene by 
selection of variants is possible. 

The strongest point of the anti-selectionists was that it 
is absurd to assume that a selection of somatic fluctuatipn 
has anything to do with the characters of the germ-plasm. 
With the quantitative view, however, which we believe to 
have proven in two elaborate cases, this situation changes. 
The somatic character in question, say amount of pig- 
mentation, can only change toward a plus or minus side. 
This change is caused directly by a difference in the 
velocity of the reaction of some metabolic process which 
results in the deposition of pigment. Such a change of 
velocity of reaction, however, can be produced either by 
the action of the medium, and then it is a modification, or 
by fluctuation in the quantity of the gene, causing increase 
or decrease in the velocity. The resulting variation is of 
course, phenotypically, the same. Selection, therefore. 
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may be ineffective, if a modification only is selected; it 
will be partly successful if a combination of plus-quantity 
with plus-modification is selected; and fully successful 
if the exclusive result of plus-quantity of the gene is se- 
lected. The deu^ ex machina modifying factor, which, 
moreover, does not fit the decisive genetic facts in the 
most discussed case of Castle's rats nor our .cases, thus 
becomes superfluous. 

It is, moreover, perfectly logical to assume that selec- 
tion of either plus or minus quantities of the genes 
changes the mode of the fluctuation of this quantity corre- 
spondingly in the succeeding generation. If the different 
quantities of the substances, which constitute the systems 
of multiple allelomorphs, are inherited, then every other 
quantity is also inherited. If the presence of the quan- 
tity p in the germ cells of the parents causes the reap- 
pearance of the quantity p in the germ cells of the chil- 
dren, the same fact applies to the quantities q, r, s— to 
every quantity which is present or has been selected. Se- 
lection can, therefore, change the quantity of the gene, 
and also, therefore, the somatic characters caused by 
quantitative differences in the gene, until the physiolog- 
ical limit is reached. This limit may be the limit for the 
character in question— for example, no pigment, self- 
color— or it may be the limit set by the necessary coor- 
dination of developmental processes. For example, in 
the development of a moth a certain gene causes, at a cer- 
tain moment— during pupation— the evagination of the 
imaginal disks of the antenna. The correct quantity of 
the gene causes this process to take place at the correct 
time. A quantitative variation of the gene would cause 
the evagination to take place at the wrong time. We 
have, indeed, had strains of caterpillars where in many 
individuals this process took place in the last stage of the 
caterpillar, giving caterpillars with pupal antennae. The 
quantity of the gene in question was in these cases not co- 
ordinated with the other genes and the action was pro- 
duced too early. It is evident that quantitative changes 
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of this kind will lead to physiological impossibilities, 
monsters, etc. Here, then, is again the limit for selection 
of factorial quantities. It need hardly be added that such 
selection is necessarily orthogenetic. 

Our own experiments in this line are, as far as they go 
at present, in perfect accord with Castle 's work. We have, 
moreover, applied another type of experimental test, 
namely, selection in Fj. If a given pair of multiple al- 
lelomorphs differs in regard to the quantity of the fac- 
torial substance and this quantity is subject to fluctuation 
around a mean, the variability of the character in Fj is 
caused by the usual agencies producing fluctuations as 
well as by the different combinations of the parental 
quantitative values. Selection in F^ ought, therefore, to 
influence the curve in Fg in a certain number of cases, 
namely, when the plus or minus individuals are genetically 
plus or minus. Within the normal segregation of light 
and dark individuals in the 3:1 ratio a shifting of the 
mean for lightness and darkness must take place. In a 
series of such experiments we had a number of positive 
results. The following Table VIII may serve as an ex- 
ample : 

TABLE VIII 
F, WITH Selection in Fj prom Cross K X S 
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In Third Stage 
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We believe that these facts and interpretations have a 
definite bearing on the problem of evolution. The first 
step in the differentiation of species which occurs in na- 
ture seems to be the formation of geographic races. The 
entire bulk of modern evidence in ecology tends to show 
the existence of clearly defined local forms for very re- 
stricted areas. For example, the ichthyologists differ- 
entiate forms of Salmonids and Coregonids for prac- 
tically every river and lake ; in the same way in the lower 
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organisms, like Daphnids and Rotatoria, different forms 
appear in different regions. The ornithologists describe 
different races for every river basin of the affluents of the 
Amazonas; the mammalogists do exactly the same thing 
for every area which was thoroughly covered. Where 
breeding experiments have been carried on it has been 
shown that the geographic races may be perfectly fertile 
with each other and may produce fertile offspring. In 
some cases, however, the transitional stages toward steril- 
ity are found. Thus the production of intersexual moths 
in crossing geographic races can be regarded as a step 
toward increasing incompatibility, which in one of the 
crosses attempted by us was an absolute one. In other 
cases only a small percentage of the offspring of the hy- 
brids could be reared, as in the crosses of the North and 
South European Callimorpha domimila. We, therefore, 
with many evolutionists, feel convinced that the geo- 
graphic races are the most important visible steps in 
species-formation in nature. 

If we now look into the characters distinguishing geo- 
graphic races, we very often find certain qualitative dif- 
ferences most conspicuous, for example, exchange of red 
and yellow color in the moths. A close study of definite 
examples, however, reveals that these differences are 
often more conspicuous than important. This is shown 
by the only group of information in the animal kingdom 
which we have both by ecological and genetic work— the 
geographic variation of land snails. The facts about the 
extreme variability of Helix, Achatinella, Partula, etc., 
are well known, as well as the irregularities in the con- 
finement of definite types to definite localities. We have 
been so fortunate as to gain some insight into these facts 
through a very interesting collection which Dr. Haniel 
made in Timor and studied under our direction (not yet 
published). It was evident here, as in the other cases, 
that a series of unit factors for number, color, form of 
bands and ground color, which recombined freely, was 
involved. And practically all the combinations could be 
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reduced to the genetic factors which Lang worked out for 
Helix. But, exactly as in the classic cases, there was no 
possibility of stating a definite relation of these factors 
to the grouping according to localities. In some locali- 
ties certain factors or combinations did not occur, but the 
attempt to classify the material along this line proved a 
failure. However, every group from each locality ex- 
hibited beside these factorial recombinations certain 
quantitative characteristics of size, proportions, etc., of 
the shell which were characteristic for definite localities. 
These, however, are the characters which probably fall in 
line with those caused by the quantity of the genes. 

The difficulties which the facts of geographic variation 
create for the conception of species-formation by selec- 
tion have often been discussed. Bateson in particular 
('^Problems of Genetics'') scrutinizes them from the 
modern genetic point of view. They are indeed insu- 
perable if all characters which show variations and recom- 
binations are considered from this point of view. The 
extreme irregularity, for example, of the local combina- 
tions of types of shells in Helix, PartuLa and Achatvnella 
makes it impossible to regard them as local adaptations. 
This is certainly true, but. may be without any bearing on 
the species question at all. The factors and recombina- 
tions occurring in Helix, Achatinella and Prodromus are 
more or less the same, just as are the recombinations of 
coat colors in different rodents. They constitute a set of 
mutations and their recombinations which are proper to 
the type of germ-plasm of the group. They occur, re- 
combine or fail to appear as chance wills, and seem to have 
no special selective value. We do not think that these 
are the characters which play a part in the evolution of 
species; they are, in most cases, independent of adapta- 
tion. 

There are, however, reasons for supposing that such 
differences of characters as are based on the quantitative 
differences of the gene are those which are influenced by 
selection and are important for the formation of the first 
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steps toward diversification of species. We base this 
opinion on the following facts : 

One of the few cases where selection in nature has ap- 
parently been seen at work under our eyes is the much- 
quoted case of melanic moths. We started in 1908 to 
work out the case of the nun, Lymantria monacha. The 
dark varieties of this moth have been known as rare oc- 
currences for over a century. But only during the last 
decades have they spread and almost replaced the white 
forms. The analysis of the genetics of this case shows 
that the dark form is a dominant mutation to the white 
and that the many different stages of darkness, which 
form a complete series from white to black, are produced 
by sex-linked multiple allelomorphs. (Unfortunately, 
the interesting details can not be given at present.) How 
is it, now, that these combinations have come to replace 
the original form? Many hypotheses, some of them very 
strange, have been put forward ; but it seems to us that 
the case is comparatively simple. The dark forms are 
stronger, more lively, better fliers, as far as we can tell 
from our experience with the animals in captivity. They 
are als-o larger (see Fig. 102, p. 267, in our ^'Einfiihrung 
in die Vererbungswissensohaft,'' 2d ed., 1913). The 
melanism is in this case, therefore, only the most con- 
spicuous superficial feature of a quantitative and pro- 
gressive change in a gene which causes a definite meta- 
bolic condition, resulting in hardiness as well as in the 
deposition of more pigment in the wings. The quantita- 
tive change has here a superficial expression and is there- 
fore easily recognizable. But this visible pigmentation 
is not the really important character. How is it, then, 
that these melanic forms, and other forms in similar man- 
ner, have established themselves so suddenly? We may 
venture to point to the facts that the selection, as has 
often been stated, has occurred especially near the larger 
cities, and that the period during which this selection has 
taken place is the period of industrial development, i. e., 
of restriction of forested areas near the cities. It is. 
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furthermore, the period of scientific and intense forestry 
and of economic entomology. Here we have the probable 
agencies that made life difficult for the moth and gave a 
great selective value to that advance in hardiness which 
lies behind the melanic appearance. 

We should point out here the difficulties which arise in 
the criticism of definite views of evolution on the basis of 
facts not analyzed genetically. The selective value of a 
climatic character may often be doubted on the ground 
that the same type occurs in a very different area ad- 
mixed with the local form. But genetic analysis may 
often show that what appears to be the same type is in 
reality a different thing. The north European Arctiid, 
Callimorpha dominula, has wings marked with red; the 
Italian form has wings marked with yellow. In certain 
localities (one of them near Berlin) a yellow sport of the 
red form regularly appears, apparently the same form as 
the Italian one. We, as well as others, have crossed these 
forms. The yellow sport is a simple recessive to red and 
segregation occurs in the 3 : 1 ratio. The Italian yellow 
form, however— at least the ones from the Abruzzi, which 
we used— crossed with the red northern form, produces 
intermediate orange in F^ and in Fj every shade from red 
to yellow. The two yellows, which look alike and prob- 
ably are chemically alike, are nevertheless products of a 
different metabolic process. In the sport the same met- 
abolic process which usually leads to red pigment is 
changed by mutation only to the extent of the color change 
in the end-product. In the southern form a different type 
of metabolism results in the formation of yellow pigment, 
and the cross is therefore an entirely different cross, with 
different results.^ As a matter of fact, the latter cross 
shows very much diminished fertility, as Standfuss has 
already pointed out. This shows how unsafe the ground 
is on which criticism of evolutionary questions without 
genetic test is based. That our example is not an excep- 
tion is proved by the fact that Standfuss long ago formu- 

8 We may point out that herefrom a rational interpretation of dominance 
and blending can be derived. 
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lated the rule, that when two forms coexist in the same 
locality and are able to interbreed, they do not produce 
intermediates; but when the forms are geographically 
separated as local races, crosses between them result in 
a series of intermediates. Bateson says: **In this apho- 
rism there is a good deal of truth." We think that the 
rule expresses the difference between a non-adaptational 
chance mutation and the adaptational change in the fac- 
torial quantities which may lead to a similar-looking, but 
physiologically different character. This character, al- 
though, like the non-adaptational one, is itself of no 
selective value, is the result of a general physiological 
change which does have a selective value. 

This will become still more evident if we return once 
more to the study of the gypsy-moth. In studying the 
relations of the different geographic races as character- 
ized by the multiple-allelomorphic characters in question, 
wfe find that these characters are paralleled closely by dif- 
ferences in the life-cycles. Without going into details, 
we may state as a fairly general rule that the races with 
high degrees of pigmentation in the later stages are the 
ones which show a fast development, comparatively short 
larval life and a long period of hibernation. The light 
races have a comparatively long larval period and a cor- 
respondingly short period of hibernation. The former 
races, furthermore, inhabit the areas where a long and 
cold winter occurs, while the latter are endemic in places 
which have a hot summer, early spring and mild winter. 
One might think that these different characteristics were 
simply the direct effect of temperature conditions. But 
that this is not the case is shown by the constancy of the 
differences when the races are bred in a different climate 
and also by experiments on the physiology of hibernation, 
which have convinced us that the time relations of the 
life-cycle are— of course, within the limits of fluctuation— 
a heritable trait of rhythmic character. These facts show 
where the adaptational character of the differences of the 
geographic races lies : the adaptation which fits the differ- 
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ent milieus is the life-cycle (in a broad sense). The visi- 
ble distinctive characters of the races— aside from addi- 
tional mutations of a non-selective nature— are nothing 
but tlfe products of reaction of different types of metabo- 
lism, allied with the different time relations of the cycle. 
The method of the formation of geographic races in this 
case must, therefore, be the following. The first con- 
quest of a new territory is of course only possible when 
the animal is preadapted, along general lines, to the new 
medium. But that it can maintain itself depends upon its 
power of special adaptation. The gypsy-moth, for exam- 
ple, has repeatedly been brought into England, but it has 
never established itself there. In the case of this form 
the special adaptation means the coincidence, in the first 
place, of the life-cycle with the seasonal cycle in nature. 
And it is here that all the discriminating effect of selec- 
tion comes in. The quantitative changes of the genes 
which cause the time relations of the cycle are then the 
material for selection, and selection acts according to Dar- 
winian principles until the equilibrium is established. 
Thus the genetic study of the quantitative changes of the 
gene reveals anew the truth of Darwin's conception. 
Furthermore, we see here how sterility of hybrids or com- 
plete incompatibility of new forms may arise. We have 
proved that the quantitative differences of the sex- factors, 
which are themselves nothing but adaptations to the time- 
relations of the cycle, are among the characteristic differ- 
ences of these races.* There are, moreover, responsible 
for the incompatibility in regard to sex which results in 
intersexuality after crossing. Changes of exactly the 
same type may easily make any cross-breeding impossi- 
ble, since no organism can develop unless all the processes 
of differentiation are coordinated in respect to their ve- 
locity. Here we see, finally, why geographical races are 
so often uniform and are characterized by certain traits of 

* Compare also Pfliiger's and R. Hertwig's work with frogs and €u6not's 
with starfish, demonstrating similar facts in regard to geographic varia- 
tion of sexuality. 
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a quantitative character even when additional mutations 
and their recombinations make them at first sight appear 
diversified. This uniformity indicates the adaptational 
type produced by selection of the quantitative variations 
of some vital gene; the differences are only a difference 
in apparel. 

In conclusion, we may point out three groups of facts 
which, of the greatest importance for evolution, have 
always been a hard nut for the mutationists to crack. 
The first is the series of temperature-experiments in Lepi- 
doptera— and similar experiments in Amphibia, Crus- 
tacea, etc.— that lead to the production of aberrant forms 
which resemble closely certain geographic varieties. But, 
with the exception of certain often-quoted cases, these 
aberrations are not hereditary. In the light of our experi- 
ments these facts are not surprising. The effect of the 
temperature experiments is to change the normal time- 
curve of certain metabolic processes. The effect is, there- 
fore, due to this change of one of the variables of the reac- 
lions in question. The quantitative change of the sub- 
stance of a gene, however, which we found to be at the 
basis of the geographical variations, also produces a dif- 
ference in respect to the time-curve and therefore the 
same effect, this time a heritable effect. If we now select 
the plus individuals in this type of experiment— and this 
applies to all analogous experiments— we may simply se- 
lect a modification. But we also may select the combina- 
tion of a plus-modification with a plus quantity of the 
gene in question. If the experiment is repeated, the next 
generation will then show a still stronger reaction, or, if 
the experimental influence is not repeated, there will be 
an after effect of the experiment on the parents. It is 
remarkable that such results, which were to have proved 
the inheritance of acquired characters, always turned out, 
when characters relating generally to the life-cycle were 
in question, characters which also appear in the geo- 
graphic races of the form. Extreme mutationists used to 
deny or disregard these facts. Here we have a simple 
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explanation for them whicb both does justice to the facts 
themselves and falls in line with modem genetic views. 

Furthermore, we now see the exact meaning of Dar- 
win's view, which he had to express in a somewhat am- 
biguous way on account of the lack of exi)erimental data 
which would have permitted clearer expression. His 
essay of 1842, the forerunner of the ''Origin of Species,'' 
begins with the words: ''An individual organism placed 
under new conditions sometimes varies in a small degree 
and in very trifling respects, such as stature, fatness, 
sometimes color, health, habits in animals and probably 
disposition. . . . Most of these slight variations tend to 
become hereditary." This statement shows clearly what 
Darwin had in mind. If he assumes that some variations, 
which are produced by change of conditions, are some- 
times non-heritable, but tend to be inherited, we can now 
explain what this means. The variations which, as geo- 
graphic races, form the first steps in the formation of new 
species are indeed exactly the same whether or not they 
are inherited. Their direct physiological cause is also 
identical, being a change in the rate of a definite process 
during differentiation. Only the ultimate cause is differ- 
ent ; in the one case the original quantity of the gene de- 
termines the rate of differentiation— which then is heredi- 
tary—from the beginning; in the other case an outside 
factor is active, retards or accelerates the same reaction to 
the same degree. With this additional bit of interpreta- 
tion, Darwin is right, after all. 

The other group of facts includes certain details of 
mimicry (mimetism). We believe that the general prin- 
ciple of mimetism has been fully explained genetically by 
Punnett. But there are certain details which his selec- 
tionist opponents point out which constitute strong evi- 
dence against Punnett 's view. We think that the most 
valid argument against. the Mendelian view of mimetism 
has been derived from the facts about the parallel geo- 
graphic variation oT model and mimic. If our genetic 
conception of geographic variation is correct, this point 
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is not difficult to understand. If the resemblance of 
model and mimic is based on the presence of similar 
chance- or non-chance combinations of genetic factors, 
and if geographic variation consists in the specific adapta- 
tion of the quantity of certain genes to a required veloc- 
ity of some vital reaction, it is very natural that similar 
genes in model and mimic should be in exactly the same 
situation and should undergo parallel changes. 

The third important set of facts to be considered is the 
problem of domestication. Darwin's view is well known, 
as well as the solution of a great part of the problem 
through Mendelism. The latter shows that selection of 
the recombinations after cross-breeding (besides picking 
of mutations) is the chief source of success in domestica- 
tion. (See our demonstration of this fact regarding the 
improvement of pigs in * * Einf iihrung in die Vererbungs- 
wissenschaft," 2d ed., 1913, pp. 276-80.) That this fact 
was well known to Darwin is shown, for example, in his 
report about Lord Orford's greyhounds ('* Variation of 
Animals," etc., Ch. 1). But he believed, in addition, in a 
positive effect of selection of small variations. Wher- 
ever he tabulates such characters, most or all of them are 
quantitative characters of a kind which we can assume 
to be dependent upon the presence of definite quantities 
of a gene. Here we may have the solution of the diffi- 
culties which the problem of domestication affords in 
spite of mutation and recombination. No doubt the high 
capacity for fattening was crossed into our hogs with 
Asiatic forms. But selection of plus-quantities of the 
responsible gene enabled us to obtain the character as 
it stands to-day. 

OsBORN Zoological Laboratory, 
Yale University, 

New Haven, Conn. 
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INTRODUCTION 

The present contribution embodies the results of a micro- 
scopic study of monaster eggs in sea urchins, together with some 
experiments made in an attempt to understand the meaning of 
the behavior of certain cell elements. In making an analysis 
of the observed facts, we have been brought face to face with 
so many mooted questions of cell mechanics, which have been 
left unsolved, that it is best, perhaps, to define the view-point 
from which the present research was undertaken. Cytologists 

1 The present work was carried on at the Zoological Station at Naples, at the 
Woods Hole Marine Biological Laboratory, and at the Osborn Zoological Lab- 
oratory. Contribution No^ 136 from the Zoological Laboratory, University of 
Texas. 
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seem to be generally agreed that, in the ultimate analysis, the 
problem of cell division is one for the colloidal chemist. On 
the other hand, the morphological phenomena, which are ex- 
pressions of chemical and physical changes, are extremely varied 
in cells of different types, and any one famiUar with the vast 
amomit of cytological Uteratm^e which has accumulated the 
last twenty years, must reaUze that scarcely any two authors 
are in agreement as to the really essential features with which 
the chemist must work. Simple morphological studies, while 
extending our conception of the cell in its varied activities, 
cannot bring us nearer to this goal. It is only by experimental 
studies, such as the Hertwigs, Boveri, Wilson, Conklin, Mor- 
gan, and others have given us that real progress has been made. 
These authors have shown that much Ught may be gained by 
subjecting one type of cell, such as an egg cell, to abnormal 
conditions. When this is done the forces, which in normal 
cleavage work synchronously, run their coiu^es independently 
and the experimental cytologist may sift out the essential from 
the non-essential, and eventually formulate the questions which 
the physical chemist must solve, as soon as the nature and 
physical behavior of colloids are more thoroughly understood. 
The present study was undertaken with the hope that an 
analysis of monaster eggs would enable me to clear up some of 
the confusion which has existed in cytology. The first part 
of this work was undertaken at the suggestion of Theodor 
Boveri, at Naples, during the spring of 1914. Here the ob- 
servation on the Uving eggs were made and material for cyto- 
logical study preserved. The experiments with the narcotic 
were made at Woods Hole, Mass. While in Naples I enjoyed 
the privilege of Professor Boveri's experience and advice. The 
observations on the living eggs were known to him but the re- 
sults of the cytological study together with the conclusions 
I have drawn from them, were not completed until after his 
death. 
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MONASTER EGGS 

Although monaster eggs were known long before, Boveri 
seems to have been the first to realize the value of such eggs 
m analytical* studies of cell dynamics and both he and his wife 
published papers dealing with the external behavior of the 
eggs (Th. Boveri, '03), and the behavior of chromosomes, cen- 
trosomes and other cell parts (M. Boveri, '03). Neither of these 
authors, however, had undertaken a study of the movements 
of the protoplasm which are such a conspicuous featiu'e of 
monaster eggs; especial attention was therefore given to this 
in the present work. 

A great variety of agents act upon the normal sea urchin 
eggs in such a way that only one division center appears when 
the division cycle is initiated. Numerous chemicals produce 
monasters, strychnine (Hertwigs, '87), MgCU (Wilson, '01 a), 
carbon dioxide (Herbst, '14). Many narcotics do the same. 
Chloral hydrate (Hertwigs, '87), ether (Wilson, '01 b), phenyl 
urethane (Painter, '15). Mechanical stimuli act often in the 
same way. Thus Boveri found that by shaking eggs a few 
minutes after fertilization,^ a good percentage of monaster eggs 
often resulted. 

The last named method was employed, as it was the simplest, 
and introduced no additional factor, such as the use of chemicals 
might have done. As soon as the fertilization membrane ap- 
peared, in eggs artificially fertilized, thev were placed in a test 
tube, with as little water as possible and shaken violently by 
hand for twenty seconds. Precaution was taken to keep 
the warmth of the hands from increasing the temperature of 
the eggs, and after shaking they were placed in shallow dishes 
and allowed to develop. 

The production of monasters is capricious and seems to 
depend as much upon the condition of the eggs themselves as 
on any other factor. If one treats two sets of eggs from dif- 
ferent females in just the same way, shaking the same amount 
and at the same time, in one set one may get ten per cent mon- 
asters, and in the other only a few or none at all. Experiments 
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were made to determine what was the best time to shake the 
eggs. The results of these different experiments are given in 
the tables below. From these it will be seen that when eggs 
were shaken between four and eight minutes after fertilization, 
the largest nimiber of monasters were produced. 

The extreme variabiUty which monaster eggs show in their 
later behavior has been noted by Wilson ('01 a), Boveri (^03) 
and myself ('15). For the sake of clearness I have given the 
main paths of divergence, as I have foimd them, in the following 
scheme. 

TABLE I 

Experiment of March B 



MINXTTEB AFTBB 
PEBTILIXATION SHAKKM 


NUMBER OF NORMAL 


NUMBER OP MONASTER 


PERCENTAGE OP 
MONA8TBR 


2 


391 


9 


2.2 


4 


411 


83 


18.0 


6 


385 


115 


23.0 


8 


387 


125 


24.0 


10 


470 


44 


9.0 


12 


410 


5 


1.0 



TABLE 2 
Experiment of March 4 



MINUTES APTER 
PERTILIZATION SHAKEN 


NUMBER OP NORMAL 


NUMBER OP MONASTER 


PBBCBNTAOB OP 
MONASTER 


4 
6 
8 

10 


221 
480 

9oo 

500 


48 

26 

5 

25 


21.0 
5.2 

2.5 
5.0 



TABLE 3 
Experiment of March 11 



MINUTES AFTER 
PERTILIIATION SHAKEN 


NUMBER OP NORMAL 


NUMBER OP MONASTER 


PERCENTAGE OP 
MONASTER 


3 


380 


12 


3.0 


5 


395 


51 


10.0 


7 


296 


32 


10.0 


9 


202 


27 


10.0 


11 


300 
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Monaster eggs may: 

1. Divide early without passing through a period of protoplasmic move- 

ment. Frequently spiral asters /are found in such eggs. 

2. Pass through division cycle and: — 

(a) form amphiasters, divide and develop normally. 

(b) form tetrasters or triasters. 

(c) form multiple asters. 

(d) form monasters. 

In the following account the description of the living egg will 
first be given and then the results of the study of sectioned 
material. 

Changes in living egg 

The monocentric condition is a normal phase in the develop- 
ment of an amphiaster, (Boveri W, p. 155). Consequently, 
monaster eggs cannot -be certainly distinguished until the 
majority of the controls are in some late phase of the first divi- 
sion cycle. By this time the single aster will have reached 
considerable size, and is seen approximately in the middle of 
the egg with radiations running in all directions. The size 
of the aster is variable. 

As the control eggs divide, the monaster eggs show little 
change except a slow increase in the size of the clear centro- 
sphere. As a few of the controls are entering the early phases 
of the second cleavage, some of the monaster eggs undergo 
changes which lead to the formation of an amphiaster, and such 
eggs divide. The vast majority of eggs, however, show no 
change until about half the controls are in the 4-cell stage. 
The single aster, which by this time is very large, begins to 
undergo a striking change. It slowly becomes flattened on 
one side, then concave, and finally saucer-shaped. As this is 
going on it moves through the egg's substance until it lies well 
against one side of the egg (fig. 1). The convex side of the 
aster goes forward, during the movement and the fibers on the 
concave side seem to reach nearly to the opposite side of the 
egg. There is a great amount of variability in the amount of 
the flattening, and of the retreat of the aster, as a glance at 
text figures B, C and D will show. 
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As the aster assumes its new position, with high power, one 
sees little clear vesicles lying on the edge of the centrosphere 
on the concave side. These are the chromosome vesicles which 
slowly fuse to form one nucleus, as the movement of the pro- 
toplasm, described below, sets in. 

Following directly on these changes in the aster and in the 
chromosomes, we have a series of phenomena which involves 
the protoplasm of the egg. This is first seen in the ectoplasm 
(or ' Verbindungsmembran' of Herbst, '00), which, on the side 
of the egg opposite the concave side of the aster, (fig. 1) begins 
to swell or blister. While this layer remains thin and difficult 
to see, except in dim light, on other parts of the egg, in the 
region opposite the aster it increases in thickness and frequently 
becomes granular and more or less opaque. 

After the membrane swells, the whole area of protoplasm, 
which it covers, begins to undergo a series of changes of contoiu* 
diuing which little ridges and depressions appear. These 
rapidly change into pseudopod-like processes (fig. 2. In this 
drawing as in the rest of the figures on this plate, the ecto- 
plasmic layer is not shown) and the whole surface of the egg 
becomes involved in a series of slow protoplasmic movements. 
The mobility of the protoplasm is extraordinary. Figures 2, 3, 
4, 5, 11, 12, 14 show typical cases in various phases of the 
movement. The egg becomes flattened as the movement pro- 
gresses and the finger-like processes undergo rapid changes in 
shape like the pseudopods of an amoeba, and these processes 
may even be cut oflf entirely from the egg (figs. 4 and 5). In 
this event, however, they continue to undergo changes in shape 
for a short time. 

As the radiations of the aster diminish in intensity and dis- 
appear, the protoplasmic movements begin to subside. The 
finger-like processes are withdrawn; the little protoplasmic 
balls again fuse with the egg, (figs. 12 and 14) and the whole 
egg becomes rounded out, in most cases, before the next divi- 
sion cycle is well advanced. The large excentric nucleus and 
the swollen ectoplasmic layer are the only features which show 
that the egg has passed through the monaster cycle. 
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■ The protoplasmic streaming is extremely variable not only 
in the eggs of diflferent females, but in the eggs of one individual. 
The typical course of events is shown in the camera and free- 
hand sketches reproduced in figures 1 to 5 and 11, 12, 14. But 
in some eggs the aster does not flatten so much as to become 
concave, nor does it move very far in the egg substance. Going 
hand in hand with this, the movement of the protoplasm is not 
so severe. A full discussion of such eggs will be given later. 

One very striking phenomena which accompanies the pro- 
toplasmic movement, is the flow of the material from the cor- 
tical layers of the egg into the protoplasmic processes. This 
is best seen in heavily pigmented eggs, such as those of Arbacia, 
from which figure 11 was made. The same flow is seen in 
Strongylocentrotus, although it is not conspicuous because of 
the lack of pigment. • 

The time when the movement of the protoplasm is seen is 
extremely variable when measured in terms of the control eggs. 
It may be observed anjrwhere between the 2- and 8-cell stage. 
But in any single egg it only follows after certain definite 
changes in the aster and in the chromosomes. The length of 
time which the movement lasts is also variable. Sometimes 
the egg will be rounded up twenty minutes after the swelling 
of the membrane began, or it may be double that time before 
the period of movement is over. 

The second division sets in, usually, just as the normal . 
roimded form is being resumed (fig. 14) and the divergence 
which various eggs show in their behavior (see p. 449) begins. 

In the large majority of cases, the second division cycle is 
accompanied by the formation of an amphiaster (figs. 12 and 
14). Except for the excentric position of the spindle and the 
large asters, such eggs appear normal. When cytoplasmic 
cleavage sets in, however, we do not have the clean cutting 
through of the protoplasm. Instead, there is first a very pro- 
nounced swelling of the ectoplasmic layer in the cleavage plane, 
which amounts to a disintegration, often, on the side farthest 
away from the spindle (fig. A). This is followed by severe 
protoplasmic movements in the cleavage plane (figs. Ai, At 
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and figs. 7, 8) which eventually result in a separation of the two 
blastomeres, and frequently also, in the formation of a third 
(enucleated) ball, which may or may not fuse again with one 
of the blastomeres. We witness here again, during this divi- 
sion cycle, the formation of pseudopod-like processes (fig. 7) 
jBspecially on the side farthest away from the spindle. Also, 
the two sister blastomeres become fully separated (fig. 8) when 
cleavage finally takes place. 

Eventually the two blastomeres roimd up and the third 
division cycle sets in. The further history of these eggs has 
been described elsewhere (Painter, '15). Isolated eggs have 
given me some normal plutei. Boveri ('05) obtained the same 
results. 




In a few monaster eggs, triasters and tetrasters are obtained 
at the second division cycle. As -far as they were followed, 
they did not differ in their behavior, from dispermic eggs, and 
eggs isolated did not develop normally- 

At the second division cycle the last two types of eggs men- 
tioned on page 449, imder c and d, can not be distinguished. 
One finds the reappearance of a single division center; this, 
however, is marked by the small size of the centrosphere, which 
rarely approaches, in my experience, the size of the monaster 
in the first division cycle. After a variable length of time, 
movements of the protoplasm set in which are essentially like 
those seen in the first division cycle of the monaster eggs except 
that the activity is not confined to one side of the egg but in- 
volves the whole or nearly the whole surface (fig. 6). Very 
frequently a rough division of the egg separates two blastomeres, 
(figs. Fs, Fe, or Ft) but this is accompanied by a great deal of 
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protoplasmic streaming and the division is never permanent. 
Following the second division cycle, a third sets in. The move- 
ment of the second period is usually not completed by this 
time. The movements of the third period are even more severe, 
as a rule, than any of the earlier ones, and an endless nimiber 
of bizarre shapes are seen. One very characteristic type seen 
is shown in figure 10. On such an egg little protoplasm drop- 
lets will be thrown off which do not fuse again with the mother 
egg, probably, because of the ectoplasmic layer has disintegrated 
by this time. Several more division cycles may follow (Wilson, 
'01 a, saw as many as 6 in one egg) but ultimtely disintegration 
results (fig. 9). 

The behavior both of the aster and of the protoplasm, as has 
been described in the foregoing pages, may be taken as typical 
of what we would find, in any given set of monaster eggs. But 
extreme variations are often found from the courses described 
above. The figures together with the descriptions in the fol- 
lowing section will give some idea of the extent of these varia- 
tions and will show that they are variations in degree and not 
in kind. 

In figures Bx to Be, the history of an egg is giv^n in which 
the aster did not move to any appreciable degree. The egg was 
isolated when the controls were in the two-cell stage and it was 
a typical monaster (fig. Bi drawn at 11.20). The egg under- 
went little change for the first ten minutes or so, then little 
chromosome vesicles began to appear and this was followed by 
a slight swelling of the ectoplasmic layer (fig. Bj, 11.42). This 
was accompanied by a slight change in the contour of the egg^s 
surface. At 11.50, the rays of the aster had disappeared but 
the protoplasm of the egg, was still somewhat irregular in out- 
line (fig. Bs). At 12.08, an amphiaster was found in the egg. 
This lead to a division during which the binding membrane was 
greatly swollen in the division plane and seemed to undergo a 
sort of disintegration, as may be seen by figure Bs. The separa- 
tion of the blastomeres was complete and was accompanied by 
the giving way of the cell wall, as was described for the eggs 
shown in figures 7 and 8. At 2.12, this ogg had divided several 
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times (fig. Be), and the micromere which so often appears at 
this time is present (Painter '15). 

This egg may be taken as typical in behavior in cases where 
the aster does not imdergo a marked retreat. The swelling of 
the ectoplasmic layer and the movement of the protoplasm 
are both seen but neither are severe. 

In figures Ci to Ce the history of an egg is shown, where the 
aster retreated only a short distance from the center. In figure 




Fig. B 



Ci the typical monaster egg is seen, as it was isolated at 11.17. 
By 11.25 the chromosome vesicles were visible, and at 11.50 
the aster occupied a position somewhat excentric to the center 
of the egg. When the vesicles were forming a swelling of the 
ectoplasmic layer was observed (fig. Cj) and in figure Cs we 
see the slight movement of the protoplasm. At 12.08 the 
monaster reappeared (CO and at 12.25 the movement of the 
protoplasm can be seen (fig. Cs). At 2.10 the egg had the 
condition shown in figure Ce. 

Figures Di to D4 give the history of an egg in which the aster 
retreated farther than in the two cases just described. The 
swelling of the membrane together with the accompanying 
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protoplasmic movement is clearly shown in figure Dj. An 
amphiaster appeared in this egg at the next division cycl^ (fig. 
D4). 

Th^e three cases, taken from notes in which the history of 
dozens of similar eggs is recorded, well illustrates the great 




Fig. D 
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variability which the monaster eggs show in their behavior. 
These changes bear no direct time relation with the controls, 
the movements appear early or late, and continue for a shorter 
or longer time. (Direct evidence of this will be shown in the 
sections). In spite of this variation, however, there is a sim- 
ilarity in the behavior of all monaster eggs. 

First there is always a swelling of the ectoplasmic layer before 
any sign of protoplasmic movement appears, and this swelling 
does not begin imtil the chromosome vesicles are being formed. 

Second, the swelling invariably precedes the movement of 
the protoplasm. 

Third, the severity of the protoplasmic movement seems to 
depend on the distance which the aster retreats from the center 
of the egg. When this retreat is extreme, we have a severe 
movement, figures 1 to 5, when it is not marked, there is little 
movement, figures Bi to Be and Di to De. 

An additional feature of the behavior of the monaster eggs 
should be emphasized. This relates to the ectoplasmic layer. 
It not infrequently happens that the swelling of the membrane 
is accompanied by the appearance of little granular irregularly 
shaped bodies in the otherwise homogeneous layer. This ahnost 
invariably happens in the two cell stage, as is shown in figures 
Bs and in Ai and A2. When the two cells move apart, after 
the first division, this layer does not sink in as it does in the 
normal eggs. But it remains in the condition shown in the 
last figures named. Very frequently this swelling leads to the 
disintegration of the layer so that in the later stages, it is not 
present. As a result the blastomeres may become more or 
less scattered, as shown in figure Be, but this does not seem to 
interfere with the formation of blastulae or gastrulae. 

Internal changes 

In taking up the study of sectioned material of monaster 
eggs, two main points were to be determined, first, the cause for 
the divergence in the later behavior of the eggs, and, second, 
the exact condition of the aster and chromosomes just prior to 
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and during the periods of protoplasmic streaming. The de- 
tailed history of the aster and of the chromosome during the 
first monaster cycle had been worked out with such care by 
Mrs. Boveri that little was left to be added to this side of the 
problem. 

Series of eggs, in which the per cent of monasters was high, 
were preserved at intervals of ten minutes or less, depending on 
the stage. The preservatives used were Boveri's picro-acetic 
mixtiu-e and sublimate acetic. After the usual treatment eggs 
were sectioned at 7 microns and fetained in iron haematoxylin 
followed by light green. In practically all series whole mounts 
were made of a few of the eggs stained in borax carmine. These 
were very useful in orienting one as to the stages seen in 
sections. 

One difficulty was encountered in the preserving fluids. 
While the chromosomes and cytoplasm, in general, gave beauti- 
ful preparations with both preservatives, the little protoplasmic 
processes . did not retain their shape well. This difficulty was 
never fully overcome as these processes seemed extremely sen- 
sitive to both mechanical and chemical stimuli. 

As was to be expected from the study of living eggs, a great 
deal of variation was found in the appearance and behavior of 
cell elements in the nine different series of eggs studied. The 
typical behavior of the eggs will be described first and other 
such variations as are illuminating will be taken up later. 

Since a*monaster phase is a step in the formation of an amphi- 
aster, it is very difficult to distinguish true monaster eggs until 
the nuclear wall has disappeared and the aster has reached 
considerable size. In the earfiest stages the centrosphere of the 
aster is small and deeply staining and the chromosomes are 
bunched on one side. This stage is quickly followed by an 
increase in the size of the centrosphere and a spreading of the 
chromosomes over one side of the aster (figs. 16, 17). Once 
reached, this condition persists a long time and corresponds, 
as M. Boveri has pointed out, to the equatorial plate phase in 
normal mitosis. 

A careful study of these monaster eggs points to two types 
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being present in all my material,* but whether the difference 
is due to capricious fixation or staining, or is of morphological 
significance, I am imable to say. Both types of eggs may be 
foimd side by side in the same section. In the one type (fig. 
16) the center of the centrosphere is more deeply staining, and 
when one examines the structure imder the highest powers, it 
will be foimd that this is due to the fact, that the meshes of 
the reticulum of which the centrosphere is composed, become 
smaller towards the center (fig. 18). This reticulum in my 
preparations is continuous with the aster fibers (fig. 18). In 
monaster eggs of the second type (fig. 17) the net-work of the 
centrosphere is uniform in size throughout the space so that the 
whole stains evenly. In other respects, the two types of eggs 
are alike. The chromosomes lie in a sort of half-shell around 
the centrosphere and they are always just about the same dis- 
tance from the edge of the centrosphere (fig. Ii to h page 472). 

As the controls finish the first di\'ision and enter into the 
second cycle, the centrosphere of the monaster eggs slowly 
increase in size. This carries the rays of the aster, with the 
chromosomes attached, nearer to the surface of the egg. 

About the time half of the controls have divided into four 
cells, changes begin to appear- in the monaster eggs. In part 
of them the chromosomes, which up to this time have been 
rod-like, undergo a splitting (fig. 20). This is found in eggs 
with the clear centrosphere. In the second type of egg, one 
frequently finds the centriole dividing as is shown in* figure 19 
and the spindle within the centrosphere may be clearly seen. 

After the chromosomes have divided they rapidly approach 
the edge of the centrosphere, and following this, form little 
vesicles just as is found in the normal cleavage. At the same 
time the centrosphere becomes enormously increased in size 
(figs. 21 and 25) and the rays of the aster reach to the surface 

* In one series of eggs, I have found, in addition to the two types of monaster 
eggs, here described, a third which is different and corresponds with the fan- 
asters ('FlScherkern') of the Hertwigs ('87) and others. Only part of the aster 
is present and there are only 18 chromosomes present. These eggs are begin- 
ning parthenogenetic development, but they soon disintegrate. 
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of the cell. As the chromosome vesicles fuse to form one nu- 
cleus, the rays of the aster appear to break up, (fig. 25) becoming 
granular, and gradually they entirely disappear. Traces of 
the lightly staining centrosphere may be found for some time, 
however. In only a few cases have I found evidence of the 
retreat of the aster in this type of egg. Two serial sections of 
such an egg are given in figures 13 and 15. The projections of 
the protoplasm formed during the movement are here clearly 
seen. 



Fig. E 

The eggs with a deeply staining centrosphere seem to undergo 
a different series of changes. Following the division of the 
centrioles (fig. 19) the centrosphere becomes elongated and 
moves toward one side of the egg (fig. 19 and text fig. E2). After 
this two things may happen. The centrioles may separate 
completely and form a spindle between them. This process 
is usually accompanied by the formation of the peculiar spiral 
asters which I have described in another place C16). The 
determining factor as to whether or not the spindle is formed 
seems to be the division of the chromosomes. If the chromo- 
somes divide before the centrioles are far apart, then no separa- 
tion appears to take place, instead nuclear vesicles are formed 
and these fuse to one nucleus as the astral rays disappear. 

Quickly following on the first division cycle, the second one 
sets in, and the early appearance of the amphiaster is seen from 
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figures 12 and 14. The spindle which results (fig. 24) appears 
normal except for the large number of chromosomes lying in 
the equatorial plate. I have not been able to count the exact 
number in the spindle, but corresponding stages in monaster 
eggs show 72 chromosomes (text fig. 9). In telophase stages 
the asters become extremely large, but I have found no sections 
through eggs just at the period when cleavage was taking place. 

The triasters and tetrasters found in section and observed 
in the living eggs at this period, are to be derived, I believe, 
from these monaster eggs in which the centrioles divided early. 
They do not differ in section from similar eggs produced by 
dispermy. 

Those monaster eggs in which the monaster persists in the 
second division cycle show considerable variation in appearance. 
In figure Ei a rather common form is shown. The swollen 
ectoplasmic layer, and the irregular shape of the egg are rem- 
inants of the protoplasmic movement of the first division cycle. 
We see here the centrosphere surrounded by very short astral 
rays to which the chromosomes are attached. Figure 22 shows 
a later stage when the chromosome vesicles ai'e beginning to 
fuse. 

In figure Fi to F? we have drawings of other types of monaster 
eggs. Figure Fi is a later phase of the first monaster cycle. 
Figure F2 shows a typical form of the second monaster. A clear 
defined centrosphere is not to be seen. Instead, the aster rays 
arise from a ill-defined area, and the chromosomes, instead of 
lying on one side of the aster, are here scattered all around the 
aster. Careful counts (fig. G) show about 72 chromosomes in 
the egg. Not infrequently, instead of one general center, 
there are four ill-defined centers from which the aster fibers 
arise. Figures F4 to F7 show sections through later stages. 
The irregular form of the eggs is due to the extraordinary move- 
ment of the protoplasm which follows the formation of the 
nuclear vesicles in the division cycle. 

In later stages we may find the persistence of a single aster 
but more usually a great number are present as is shown in 
figure 23. 
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Discicssion 

With his characteristic insight, Boveri realized that the pe- 
culiar behavior of the monaster eggs was not to be considered 
as disintegration phenomena, but that each feature was to be 
found in normal cleavage. In the short paper already referred 
to, he calls attention to the main points of similarity in the ex- 
ternal behavior of the eggs, and Mrs. Boveri extended the com- 
parison to the cell elements. An exact correspondence was 
found throughout. 



6 

Fig. F 
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In the living egg, the similarity between normal and monaster 
eggs may be considered under three heads: the aster, the ecto- 
plasmic or hyaline layer, and the granular cytoplasm. 

The appearance of the asters, their growth, their changes in 
form, and finally their retreat towards the surface of the egg 
are phenomena so well known for the sea urchin egg that they 
call for no description here. The single aster passes through 
the same stages, as my description and figures will show. 



\!/ ^. 










The correspondence in the behavior of the hyaline or ecto- 
plasmic layer calls for a word by way of explanation first, as 
this part of the egg does not seem to have attracted the atten- 
tion which it merits. It has been known for a long time (Sel- 
enka, '83 was the first to describe it) that there is a thin layer 
of ectoplasm surrounding the eggs of echinoderms, some mol- 
luscs, and ctenophores. This layer lies just beneath the fertili- 
zation membrane and, in the sea urchin at least, does not become 
prominent imtil the first division cycle is well advanced. It 
reaches its maximum development over the whole surface of 
the egg a few minutes before cleavage sets in. Now if one 
examines eggs with a dim light just as cleavage is about to begin, 
one will see that part of this layer has become swollen or blis- 
tered. This swollen area runs as a narrow girdle around the 
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equator of the egg and just beneath it the cleavage furrow will 
appear. This is a very constant feature in Strongylocentrotus 
and has been noted by Boveri, Goldschmidt and Popoff C08), 
and many others. 

In monaster eggs we have the same swelling or blistering of 
the ectoplasmic layer, but it appears, not in a girdle between 
the two asters, but on the whole side of the egg opposite the 
chromosome side of the aster. 

It is the third feature, perhaps, which forms the most striking 
parallel between the two types of eggs, namely, the behavior 
of the granular cytoplasm. In normal eggs, just beneath the 
swollen hyaline layer, the cleavage furrow appears. This 
gradually separates the egg into two cells, but the walls of the 
cleavage furrow are hot as smooth as they are ordinarily fig- 
ured. If any egg is observed very closely under moderate 
powers of the microscope, the furrow walls will be foimd to be 
undergoing changes during which little ridges and depressions 
appear. Finally, as the asters disappear the two new blasto- 
meres round up and all active external movement ceases. 

In monaster eggs, following immediately the swelling of the 
ectoplasmic layer the peculiar movement of the protoplasm 
sets in, and this leads to changes in surface contour and to the 
cutting off of protoplasmic masses, both of which indicate that 
this side of the egg is undergoing intense changes in surface ten- 
sion. As the astral radiations disappear, these movements 
become less intense and eventually the normal rounded form 
of the egg is resumed. 

It is clear that the force, or forces, which operate to bring 
about the separation of the two blastomeres with the attending 
movement of the furrow walls in normal cleavage are repre- 
sented in the changes in surface contour and the cutting off 
of protoplasmic balls in monaster eggs. 

In the second and later division cycles one finds in the mon- 
aster eggs, at least as far as the ectoplasmic layer and cyto- 
plasm is concerned, the same correspondence to normal cleavage 
as described above. Thus, in those monaster eggs, which at the 
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second division cycle shift over into an amphiaster, we find, 
in the cleavage plane, a swelling of the ectoplasmic layer and 
changes in surface contour (fig. A) which are similar to, but 
more severe than, those in normal division. And in those eggs 
where the monaster persists at the later cycle we have first, the 
swelling of the hyaline layer, then th^ movement and then the 
egg ceases to undergo active changes and resumes its rounded 
form more or less completely. 

We thus see that the behavior of the monaster eggs, as aber- 
rant as it appears at first sight, is similar to what we find in 
normal cleavage, both in the sequence of events and in the 
expression of the forces at work. And it gives us a far clearer 
picture of the intensity of the action of these forces, than that 
which we see in normal cleavage. No one has doubted that cell 
division was accompanied by changes in surface tension — any 
change from the spherical would necessitate this — ^but the 
formation of pseudopod-like processes and the general amoeboid 
movement of the protoplasm, lasting some time and involving 
a large part of the egg protoplasm, are expressions of a far more 
powerful force in cell division than normal cleavage would ever 
lead us to suspect. 

One striking feature accompanying the protoplasmic move- 
ment, seen best in pigmented eggs, is the movement of the pig- 
ment granules (fig. 11). Both in Strongylocentrotus and Ar- 
bacia the pigment Ues in the superficial layers of the protoplasm. 
During the protoplasmic streaming, in the first monaster cycle, 
most of this pigment tends to collect in the protoplasmic drop- 
lets (fig. 11). (This figure is drawn from an Arbacia egg). This 
fact demonstrates that accompanying the movement there is 
a flow of the cortical layers of protoplasm of the egg towards 
the side where the surface changes are most intense. This 
observation is of extreme interest because a number of authors 
have described a similar flow of substance toward the cleavage 
plane in other forms, and a good deal of importance has been 
given to this as a feature of cell division, i.e., Biitschli, and 
Conklin. A few illustrations Avill suflSte to show how wide- 
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spread the phenomena is.' Nnssbaum ('93) observed that the 
brownish black pigment found in the entodermal and mesoder- 
mal cells of yoimg Rana temporaria, tended to collect in a 
ring around the equator of the cell, and with division this pig- 
ment sank in and formed a cell plate between the daughter 
cells. Gardiner ('95) observed substantially the same thing for 
the cells of Polychaerus and Aphamistoma. Erlanger ('97) ob- 
served in the nematode egg, a movement of the protoplasm 
first towards the equator, thence inward and thence toward 
the asters. More recently Conklin ('02 and '05) has described 
in detail the vortical movements of the protoplasm in Crepi- 
dula, and Cynthia. 

.; The intimate connection between the movement of the pig- 
ment and the changes in surface tension, during the division 
cycle^of monaster eggs, points either to a common cause, or to 
the one being the effect of the other. And considering the 
widespread occurrence of the pigment movement in cells of 
other forms, it is clear that we are not deahng with a force peculiar 
to the sea urchin egg, but one common to many, perhaps all 
dividing cells. Any analysis which throws light on the nature 
of the surface tension changes, or their causes, is a decided 
advance. 

The first step was to ascertain the cause of the swelling of 
the ectoplasmic layer. It seemed possible that this was due 
to some substance diffusing through the egg protoplasm, as 
Loeb ('95), and Robertson ('08) suggested. If this be true it 
might be through direct chemical action. I made a few pre- 
liminary experiments in Naples with this possibiUty in mind. 
Dilute solutions of HCl and NaOH were made in sea water. 
After the fertilization membrane had been shaken off, the acid 
was injected against one side of the eggs by means of Barber's 
apparatus. The ectoplasmic layer increased in thickness. 
The same results were obtained, however, with the sodium hj'^- 

* For a full review of the literature up to 1902 see Conklin's work Karyo- 
kinesis and Cytokinesis. Since that time I have noted the following works. 
Fishel ('06) working with Arbacia pustulosa. McClendon ('09) working on 
Arbacia punctulata. Harvey ('10) working also with this same species. 
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droxide, so I left Naples without reaching jany conclusion on this 
point. Unknown to me then, Goldschmidt and PopoflF C08) 
had carried out a series of experiments, on sea urchin eggs, bear- 
ing on this general question, and their work sets the matter in 
such a clear light that I will review their paper in some detail. 

In the ctenophores, the swelling of the ectoplasmic layer is 
very conspicuous, and Ziegler ('97) had assigned to it a con- 
stricting action in the cleavage of these e^s. This lead Grold- 
schmidt and PopoflF to investigate the origin of this layer, and 
the conditions imder which it appears. They foimd that the 
layer appeared about the time the pronuclei of the egg were 
fusing and it steadily increased in thickness as the nucleus pre- 
pared for division. Just before cleavage set in, a girdle of 
swollen ectoplasm marked out the cleavage path. 

When the water was allowed to evaporate from the dfeh in 
which the eggs were placed, the membrane grew thicker and 
this lead the authors to suspect that osmotic changes were 
responsible for its appearance. When eggs were placed in 
hypertonic sea water as the spindle was being formed, the layer 
greatly increased in thickness, at the same time numberless 
little processes of granular cytoplasm penetrated into the trans- 
parent layer, anastomosing and branching, giving the layer a 
vacuolated appearance. As a rule such eggs did not divide, 
but when a cleavage furrow did appear, the ectoplasmic layer 
did not sink in with it as it does under normal circumstances. 
In the space thus left, little radiating fibers (Zuglinien) appeared 
running from the granular cytoplasm to the layer. Eggs treated 
with hypertonic sea water showed only an extremely thin layer 
of ectoplasm in later stages. Also the authors reached the 
conclusions that the ectoplasmic layer, in later stages, is a true 
membrane and not an integral part of the egg. 

These experiments show that osmotic changes cause the 
swelling of the ectoplasmic layer, in fact, that an increase in 
the density of the sea water causes the increase in thickness, 
while hypotonic sea water tends to inhibit its appearance. 

Returning now to the monaster eggs, since the density of the 
sea water remains the same, we seem forced to conclude that 
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there is an osmotic change in the protoplasm just beneath that 
portion of the ectoplasmic layer which swells later. In other 
words that preceding the active changes of form which the pro- 
toplasm imdergoes, there are great changes in the osmotic rela- 
tions of this side of the egg, as is shown by the swelling of the 
ectoplasmic layer. If we may safely compare the experiments 
of Goldschmidt and Popoflf with our eggs, we should say that 
the movement was preceded by an increase in the density of one 
side of the egg.* This would carry with it, of course, a differ- 
ence in the permeability of different parts of the egg.^ 

To what was this change in density due? Three possible 
sources could be suggested. First the aster, second the nucleus, 
and third the cytoplasm. 

The aster. The movement of the aster was first considered 
as the cause of the movement, because the distance which the 
aster moved through the egg was a measure of the intensity 

* This is precisely what Butschli (*92) has maintained, and with him, a num- 
ber of other investigators. Among the latest of these is McClendon ('10, '12). 
Robertson ('09, '13) has taken issue with McClendon and claims that, "In cell 
division the cleavage furrow is a region of low superficial tension, the poles of 
the egg regions of high superficial tension. Butschli and McClendon's view to 
the contrary is shown to involve a contradiction of the laws of molecular attrac- 
tion of the liquids." (Robertson, Arch. f. Entw. Mech., vol. 35, p. 707). Rob- 
ertson's views are based upon certain experiments with oil drops. ** Drops of 
rancid olive oil were floated upon water, and threads wetted with solutions of 
strong bases, were laid across the drops. Division resulted owing to the equa- 
torial diminution of surface tension resulting from the formation of soap" (Rob- 
ertson, I.e., p. 692). In describing the behavior of the oil drops, he distinctly 
points out that there is a superficial flow of substance away from the equator 
towards the poles of the egg: "and violent streaming motions occur at the sur- 
face away from the thread and towards the opposite poles of the drop." (Arch, 
f. Entw. Mech., vol. 27, p. 30.) This is exactly the reverse of the condition 
found in the living egg, by a great number of investigators, including myself. 
Clearly, the conditions within the egg, are quite diff'erent from those in the oil 
drops with which Robertson experimented. This flow of substance towards 
the cleavage plane involves an increase of surface tension in this region, as Rob- 
ertson points out, "for an increase in surface tension at the equator, such as 
Butschli imagines to occur would result in a streaming of material towards the 
equator" (p. 29, Arch. f. Entw. Mech., vol. 27). Robertson made the error of 
comparing the conditions within the oil drop (a homogenous body) with that of 
the living egg. 

»See Lillie, '16. 
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of the movement. Thus, when the aster retreated well up 
against one side (figs. 2, 3, 4, 5) the movement was very severe, 
while, when the aster moved little or none at all (fig. B), there 
was a very slight movement of the protoplasm. It was pos- 
sible to explain this fact in one of several ways. Later stages, 
however, did not support the view that the size or movement of 
the aster played any part, for the simple reason that, while the 
aster became often smaller and underwent little or no move- 
ment (fig. Fi to Fs) the severity of the protoplasmic movement 
was greater than in the first cycle. 

The nucleus. The nucleus offered less difficulties as a pos- 
sible source of the protoplasmic movement than the aster. The 
protoplasmic movement appears always just as the nuclear 
vesicles are being formed, and the increase in the number of 
chromosomes at each succeeding division cycle is accompanied 
by an increase in the intensity of the movement. Again, the 
fact that the movement is seen only on that side of the egg 
towards which the chromosomes are directed (in the first mon- 
aster cycle) points strongly to the latter as being in some way 
concerned with the movement. And in latter division cycles 
when the chromosomes cover the aster more or less completely, 
the formation of pseudopod-like processes involves nearly the 
whole egg's surface. 

Assuming the nucleus to be the cause of the movement, it 
would be easy to explain the relation of the aster to it. Cytol- 
ogists are in general agreement over the fact that the aster 
tends to exert a solidifying influence over the egg protoplasm, 
that is, cause the protoplasm within its influence to be less 
fluid. If this be true then parts of the cell farthest removed 
from the influence of the aster would be the first to be affected 
in case some substance was present which altered the surface 
tension of the protoplasm. In eggs where the aster retreated 
to one side, the whole opposite side of the egg would be free to 
move. In case the aster did not retreat, then we should ex- 
pect to find Uttle movement. Again in eggs, such as monaster 
eggs of the second or later division cycle, where the aster was 
small, we should expect to find here the greatest freedom of 
movement. This corresponds with the observed facts. 
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On the other hand, three independent workers (Wilson/01 a, 
Ziegler '98 a and Mrs. Boveri) have reported that in enucleated 
blastomeres in which asters were present, the latter have the 
power of surrounding themselves with a certain amount of 
protoplasm, and in one case (reported by Ziegler) of actually 
dividing. While no mention is made here of the swelling of 
the ectoplasmic layer or of cytoplasmic movement, it seemed 
possible that both were present. In which case the chromo- 
somes could not be regarded as causing the movement. 

The cytoplasm. A consideration of the above facts lead me 
to take up the cytoplasm alone, as causing the movement. 
The difficulty here was that supposing the swelling of the mem- 
brane and the surface tension changes following were the result 
of certain products produced by the oxidation of the cytoplasm, 
then we should expect to find that the movement occiured in 
all the eggs at the same time. This is far from being the case; 
the egg protoplasm remains unchanged until certain processes 
are completed in the chromosomes and aster, and this may 
take place anywhere between the 2- and 8-cell stage of the 
control. 

From the analysis of monaster eggs, it was clear that one 
could not determine which, of the three possible factors, was 
responsible for the protoplasmic movement, or whether per- 
haps all three were involved. Further progress could only be 
made when one or more of these factors could be eliminated. 

An attempt to eliminate the aster from the problem was 
made by the use of the narcotic, phenyl urethane. The re- 
sults of the experiments are given below. 

EXPERIMENTS WITH NARCOTICS 

During the course of an experimental study in which the 
eggs of Strongylocentrotus were treated with dilute solutions 
of the narcotic phenyl urethane, I noticed that eggs left a long 
time in this solution would finally undergo an irregular sort 
of cleavage (figs. Hi to H4). Furrows would appear in the 
egg's surface preceded by a swelling of the ectoplasmic layer, 
and two or more blastomeres would be cut off. Such divi- 
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sions were not permanent as a rule. On examining these eggs 
with high powders I was unable to detect the presence of any 
radiations in the cytoplasm, although in the central clear area 
of the egg, a few very faint fibers were visible. A study of 
the treated eggs was undertaken in order to find out the changes 
which preceded this cytoplasmic division, with the hope of 



Fig. H 

being able to throw light on the cause of the protoplasmic move- 
ment in the monaster eggs. 

The present experiments were carried on at Woods Hole 
and the material used was the eggs of Arbacia punctulata. 
After fertilization, the eggs were allowed to undergo develop- 
ment for five to fifteen minutes and then they were placed in 
a 1/2000 N solution of phenyl urethane in sea water. The 
eggs were followed under the microscope, and portions both of 
the controls and of the experimented eggs were preserved at 
ten minute intervals either in strong Fleming or in sublimate 
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acetic, since both of these fluids bring out the achromatic struc- 
tures. Sections were made at 7/ji, the stains used were iron 
haematoxyljb followed by light green. 

In the living egg, very little can be made out on account 
of the heavy pigmentation. In the following description ob- 
servations from one set of eggs will be given. There was some 
variation in the different experiments, of course, but the be- 
havior of the eggs was essentially the same in all cases. At 
the time the eggs were transferred to the narcotic, the male 
pronucleus was already visible as a very small globular body. 
After the eggs were placed in the solution, it increased very 
rapidly in size and slowly approached the female pronucleus. 
In part of the experiments, an ultimate fusion of the pronuclei 
took place, in others, the male and female elements remained 
separate. When the fusion did take place, it was very late, 
for the controls were in the stage when the aster becomes elon- 
gated into a crescent just before a spindle can be seen. 

After the fusion of the pronuclei there was a rapid increase in 
the size of the nucleus due to swelling. In the event that a 
imion did not take place, the male element increased greatly 
in size while the female pronucleus increased only slightly. 
Then the nuclear wall disappeared and in the egg one could see 
that the nuclear area showed traces of fibers. This cohdition 
persisted for a long time. At no period did one find cytoplasmic 
radiation. About the time the controls are in the 4-cell stage, 
the radiations in the nucleus disappear and following this the 
cytoplasm begins to undergo a labored division during which 
two or more blastomeres may be separated. Figures Hi to 
H4 show camera sketches of such eggs made from in tolo moimts. 
Accompanying this division there was a decided tendency for 
the pigment to collect in the division plane, showing that there 
was a flow of the superficial protoplasm, just as tliere was in 
monaster eggs. In some few cases the division wa3 permanent. 
In most eggs, however, after the cleavage furrows had persisted 
for some time, they would gradually fade out and the egg would 
resiune its normal rounded form. 
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In studying the sections the main point to be determined was 
the condition of the eggs in which this division was taking place, 
especially was it desirable to see what had become of the aster. 

Five minutes after the eggs have been transferred to the 
solution of the narcotic, one finds the condition shown in figure 
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26. The male pronucleus lies at some distance from the female 
element, it is small and, surrounded in every case in my prepara- 
tions, by an area which is free from granules. Some sort of 
fluid seems to have collected around the male element. There 
is absolutely no sign of any cytoplasmic radiations at this time. 
Later stages show the approaching and touching of the male 
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and female pronuclei. It is also interesting to note that the 
clear fluid area accompanies the male pronucleus up to the time 
of fusion, but after this it disappears. The swelling following 
the union of the pronuclei goes on rapidly and the nucleus 
becomes very large. At the same time, the chromatin collects 
into definite bodies and just before the nuclear wall disappears 
the chromosomes show very distinctly, Ijnng on the linin net- 
work. As the nuclear wall is dissolving one occasionally sees 
a centrosome, (fig. 27), which appears to Ue on the nuclear wall, 
and the fibers from this center appear continuous with the 
linin net-work in which the chromosomes Ue. The division of 
the centrosome seems to already have taken place, for with the 
disappearance of the nuclear wall, a spindle is formed within 
the nuclear area (fig. 28). The whole nuclear cavity is filled 
with exceedingly fine parallel fibers and the chromosomes lie 
scattered in an irregular equatorial plate. Although I have 
studied these preparations with the best lenses I have been un- 
able to detect a centrosome at either end of the nuclear area. 
At this time there are absolutely no cytoplasmic radiations 
to be found in the eggs of my preparations. Following this 
an irregular sort of division of the chromosomes seems to take 
place (fig. 30) and chromosome vesicles form at the two sides 
of the nuclear area. 

In those cases where the pronuclei did not fuse, we find that 
the nuclear walls disappear at the same time. The chromo- 
somes lie on a network which ip some cases has a parallel struc- 
ture, like that of a spindle (fig. 29). An irregular division of 
the chromosomes takes place here too'and afterwards the chro- 
mosome vesicles are formed (fig. 31). 

At the time when the nuclear vesicles are fusing into one 
or more nuclei, we find the movement of the protoplasm be- 
ginning. There is the greatest variation in the appearance of 
the eggs but they all agree in this that the cleavage furrow al- 
ways cuts through the place occupied by the nucleus (figs. 32 
and 33). 

The point which I wish to emphasize is this, that at no time 
during the whole history of these eggs, is there any trace of 
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cytoplasmic radiations. There is, in short no aster — though 
centrosomes may be present — and yet there is a flow of proto- 
plasm into the cleavage plane and the eggs divide. 

FURTHER DISCUSSION 

As striking as these experiments with phenyl nrethane may 
appear at first, the results were not wholly unexpected in 
the light of other researches. Wilson ('01 b) observed that 
when he allowed the ether to evaporate in the dishes where 
eggs were, that eventually these eggs would attempt an abor- 
tive sort of division.® During this time the asters were but 
feebly developed. And Teichmann COS), repeating Wilson's 
experiments on Echinus microtuberculatus, remarks that he 
observed an egg divide after being treated with ether, in which 
he could observe no astral radiations. Neither of these authors 
gave the matter any closer study. 

In Arbacia we have as typical a development of the aster as 
is to be found among animal cells, and yet the experiments with 
phenyl urethane show that in the total absence of these strik- 
ing structures, the egg may undergo cleavage. Whatever the 
function of the aster may be, these experiments make it clear 
that a second factor (or set of factors) is at work which operates 
to bring about cytoplasmic cleavage. This division is accom- 
panied by a swelling of the ectoplasmic layer and a flow of 
pigment towards the cleavage furrows. 

To return to the question of the cause of protoplasmic move- 
ment, it is clearly demonstrated that neither the aster nor the 
processes involved in its formation (centripetal flow of ground 
substances, Rhumbler C96), etc.) are responsible for the swel- 
ling of the hyaline layer or for the flow of pigment granules into 
the cleavage furrow or for the cleavage itself. This forms very 

« Warburg ('11) has shown that dilute solutions of phenyl urethane, such as 
I have used, do not materially alter the rate of oxidation of sea urchin eggs. 
Ether, however, (and a number of other narcotics) does diminish the oxidation 
rate. It is possible that the greater activity which the eggs of my experiment 
showed was due to this difference. 
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conclusive evidence that these changes (at least the first two) 
in monaster eggs are due to another cause. 

With the elimination of the aster from our problem, we still 
have in the nucleus, and in the cytoplasm, two possible sources 
for the behavior of protoplasm in monaster eggs. I have been 
imable to devise experiments which would give decisive evidence 
here. On the whole the mass of evidence is in favor of the 
nucleus, though we are utterly in the dark as to how it works. 
In addition to the evidence discussed on page 468 in favor of 
the nucleus, the experiments with phenyl urethane show that 
when cytoplasmic cleavage does occm*, it cuts through the re- 
gion where the chromosome spindle lay. The position of the 
chromosomes seems to play a part here. 

As additional evidence we may point out that cjrtoplasmic 
cleavage rarely or never occurs in the absence of chromatin 
from the spindle. This is nowhere shown with greater clears 
ness than in Boveri's paper ''Zur Physiologic der Kem-und 
Zellteilimg'' ('97). In cells with tetrasters, cleavage only 
took place between poles in which chromosomes were present. 
Although shallow cleavage furrows might appear between asters 
where no chromatin was present, lasting division was never 
seen. 

While at first sight the elaboration of Loeb's suggestion 
which Robertson ('08) has given seems plausible enough, there 
are difficulties to be met which are not easy to overcome. As 
is well known, Robertson suggested that some substance (cholin) 
diffused through the cell cytoplasm on the disappearance of 
the nuclear wall, and when this substance reached the surface 
of the egg, it formed soaps which lowered the surface tension of 
this part of the egg and hence brought about division.^ If 
the swelling of the ectoplasmic layer and the phenomena fol- 
lowing it were the result of simple diffusion, it seems probable 
that it would appear in all eggs about the same time. Far from 
this, as I have repeatedly pointed out, the period when the 

^ Concerning Robertson's contention that cell division is brought about by 
a lowering of the surface tension at the equator of the egg, see footnote 4, page 
467. 
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movement oecm^ is extremely variable and depends apparently 
on certain changes in the aster and chromosomes. If monaster 
eggs alone were to be considered, this objection might be met 
by assuming that the aster exercised a retarding influence on 
diffusion, but in those eggs treated with phenyl methane, in 
the absence of asters, the division of the egg was retarded until 
after the chromosomes had split. 

Further speculation of the subject is not desirable until we 
have more data upon which to go. The one outstanding fact 
is that there is a second factor entering into the cleavage of the 
sea urchin egg, a factor (or set of factors) characterized by a 
swelling of the ectoplasmic layer, great changes in the siu^face 
tension of the protoplasm, and a flow of the pigment towardg 
the cleavage plane. 

Is this second factor, which the monaster and narcotized 
eggs lead us to assume, something new? The answer is clearly 
in the negative. The monaster and narcotized eggs only allow 
us to see far more clearly the expression of this second force than 
normal eggs do, and furthermore, permit us to harmonize the 
widely differing views of other investigators. 

As long ago as 1876 Butschli gave a mechanical theory of 
cell division based on movements of the protoplasm, and since 
that time a number of authors have observed movements to- 
wards the cleavage plane, which migh^ be of significance in 
cell division. Most conspicuous of these are the observations 
of Erlanger C97) who studied living nematod eggs at ButschU's 
suggestion, (see Butschli '00) and the works of Conklin, who 
finds in *'the vortical flow of cell substance' ' (Karyokinesis 
and Cytokinesis, p. 100) one of the most important factors in 
cell division. 

From a different standpoint we have Loeb's C95) suggestion: 

Ich stelle mir nun vor, dass an der Oberflache des Eies, moglicher- 
weise in demjenigen Meridian oder Kreise, dessen Ebene die beiden 
Strahlensysteme der Centrosome von einander trennt, sobald die 
Kerntheilung physikalisch abgelaufen ist, Ausbreitungserscheinungen 
stattfinden. Dieselben fiihren zur Bildung von in Bezug auf diese 
Ebene symmetrischen Wirbelbewegungen. 
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Rhumbler (*96) finds in the growth of the membrane (gestei- 
gertes Membranwachstum) a factor which assists the asters 
in cell division. This phase of cell division is more fully elabo- 
rated in a later paper (Rhumbler '99). 

Zeigler ('98 b) interpreted the sweUing of the ectoplasmic 
layer in ctenophores in a different way, as I pointed out on 
page 466. 

More recently w^e have works which approach the problem 
from the standpoint of physical chemistry. Foremost among 
these is Lillie's work, who finds that there is a distinct change 
in the permeabiUty of the cell during each division cycle, and 
as he points out, this would be accompanied by changes in 
surface tension (Lillie '16). 

A moment's consideration will show that these three widely 
differing views on cell division may be united by this study of 
monaster eggs. The sweUing of the ectoplasmic layer is just 
the same phenomena described by Rhumbler and Zeigler. No 
where is the ''vortical flow of cell substance" more clearly seen 
than in monaster eggs. And finally the great changes in siu*- 
face tension which monaster eggs undergo indicate a difference 
in density (and of necessity permeability) on the several sides of 
the egg. In monaster eggs, however, these phenomena follow 
each other in regular order, and appear to be due either to a 
single factor, or several factors working together. Perhaps 
the whole series of events may be traced to a difference in the 
density of the protoplasm on the side of the egg opposite the 
chromosomes in monaster eggs, or to a dense girdle of proto- 
plasm in the case of normal eggs. Later researches must throw 
hght here. But a distinct advance has been made, I believe, 
when we are able to harmonize the discordant views of so many 
investigators, and show, as I think the above analysis does, that 
they were all dealing with different expressions of the same 
force. 
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THE CENTROSOME 

The present work throws no new Ught upon the origin and 
nature of the centrosome, but certain phases in the behavior of 
the division mechanism call for special mention here. 

Normally, the monaster condition lasts for a very short time 
in the division cycle> only so long as the centrioles are 
undivided, according to Boveri (Zellenstudien IV). In mon- 
aster eggs this period may be prolonged through a whole divi- 
sion cj'-cle without seriously distiu^bing the division mechanism. 
We are totally unable to suggest the cause of this delay in this 
division (or the separation of the centrioles), but it seems clear 
that the abnormal coridition may be overcome at any period in 
the division cycle. Thus a few eggs recover before the controls 
have divided. In others the centrioles divide and separate when 
the controls are preparing for the second division. In others 
the whole division cycle may be passed through, and tliis is 
what occurs in the majority of the eggs. Or finally the separa- 
tion may be suppressed until the third or fourth division cycle 
has been passed through; or, even permanently. 

The suppression of one division does not affect the centrioles 
injuriously, in the majority of the eggs, but frequently in eggs 
which have passed through several cycles in the monocentric 
condition polyasters suddenly appear. How are we to ex- 
plain such cases? Two possibilities present themselves. If 
we assume that centrioles be at the focal point of the rays, 
either the centrioles have divided at each division cycle but have 
failed to separate, a view for which I have no evidence to sup- 
port, or, as the inhibiting factor is removed, the centriole have 
been excited to rapid division. The second effect may be ex- 
perimentally obtained by treating eggs with various poisons. 

Another feature which should be mentioned is the increased 
size of the asters in those eggs which have passed through one 
division cycle and have then formed amphiasters. The ap- 
pended figures Ki and K2 show the size of the normal asters 
K2 (in the first division) and the spindle of an egg with a mon- 
aster history Kj. The difference in size at the same phase of 
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development will be apparent on the inspection of the figures. 
Boveri along with a number of other investigators has pointed 
out that there is a constant relation between the size of the aster 
and the protoplasm it controls. That is, a monaster would be 
larger than a single aster of an amphiaster were the egg the 
same size in both cases. These spindles with a monaster history 
form an exception to this rule. Again we are confronted with 
two possible explanations. If we adhere to the old view of a 
definite archoplasmic substance, then we can say that while 



z 

Fig. K 

the centrioles may have failed to divide, this substance has 
increased in amount. Hence at the second division cycle, the 
asters are larger. The more likely explanation, however, 
seems to me to be in the relative amounts of chromatin, in 
these eggs. A number of investigators have maintained that 
the increase in the size of the asters is due, in part at least, 
to the absorption of nuclear sap, which is set free in the egg 
cytoplasm when the nuclear wall disappears. In these eggs 
with larger asters, we have just double the number of chro- 
mosomes that are found in the first spindle. If the nucleus 
contributes to the growth of the aster, the large size of the asters 
in eggs with a monaster history is not difficult to explain. 
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THE ASTER AND CYTOPLASMIC DIVISION 

The centrosome with its surrounding aster has been assigned 
such a prominent r6le in cell division by most investigators 
working on animal cells that it is very desirable to arrive at 
some conclusion as to its function on the basis of the present 
work. At first sight the present investigation seems to minimize 
the importance of the aster in cell division. Indeed, I believe 
that it has been clearly shown, especially by the narcotized eggs, 
that in the total absence of the asters, the eggs may divide. 
To conclude from this that the asters do not have a role, and 
a very important one, would be a very serious mistake. For 
the narcotized eggs and, particularly the monaster eggs, demon- 
strate that while a force, independent of the aster, is at work 
within the cell, this force produces Uttle more than striking 
changes in surface tension which do not accomplish any definite 
regular result. A directive structure is lacking in monaster 
and narcotized eggs, and this fact I beUeve, points out to us 
the principal function of the aster in the sea urchin egg.* A 
number of facts point to the correctness of this view. 

First of all, the work on enucleated blastomeres in which 
asters are present show clearly that each aster has the power 
of surrounding itself with a certain amount of cytoplasm. 
When these asters are near the surface, furrows may appear 
around or between them, a phenomenon which can only be 
understood when we assume that the area around each aster is 
more solid than the outlying cytoplasm. This gives us the 
necessary mechanism for the directing of this second force 
which causes surface tension changes. 

Again the variation in the intensity of the protoplasmic 
movement in the first monaster cycle can best be explained 
by assuming that the aster acts as a center of more soUd proto- 
plasm. Thus when the aster undergoes no retreat (fig. B2) the 
force which produces the movement does Uttle more than cause 
the ectoplasmic layer to swell, since the protoplasm is held fast 
until after the critical period has passed. Figure Dx shows an 

• This applied to cytoplasmic division. 
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egg where the aster retreated part way to the surface. Here 
the protoplasm released from its control is free to undergo a 
certain amount of movement and finally, in those commonest 
cases in which the aster moved until it lay well up against one 
side (fig. 1, etc.) the movement was most severe. 

Undoubtedly the severe movement of the protoplasm during 
the change of monaster eggs (figs. Ai and A2) is due to the same 
cause. As I have pointed out, the spindle usually lies some- 
what excentrically in these eggs with the result that the side 
farthest removed from the spindle shows the greatest amount 
of surface tension change. And in those eggs in which the 
monaster appears at the second division cycle, the severe move- 
ment, while due, perhaps to some extent to the increaaed num- 
ber of chromosomes, is also to be correlated with the feeble de- 
velopment of the astral system. 

These facts taken together with the evidence from the nar- 
cotized eggs point immistakably to the astei^s as regulative 
centers during cell division centers, which determine the chan- 
nels in which the second factor will operate. 

BEHAVIOR OF THE CHROMOSOMES 

A number of authors (Boveri, M. Boveri, Wilson et al.) have 
pointed out that monaster eggs demonstrate that the chro- 
mosomes do not require two opposing centers to pull them 
apart in order for them to divide and separate; the process is 
autonomous. A close study of the behavior of these bodies 
reveals several points of interest. 

When the chromosomes become scattered over one side of 
the aster, they all come to be at about the same distance from 
the edge of the centrosphere (fig. Hi) and are attached to it by 
means of fibers. The relation is established very early, and, 
corresponds to the equatorial plate phase of normal division. 
Following this, the aster undergoes a slow increase in size (figs. 
Hi to Hi) which causes the edge of the centrosphere to approach 
nearer to the periphery of the egg. The chromosomes are 
carried along on their fibers, so that they come to be farther 
and farther from the middle of the centrosphere. A close 
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inspection of figures Hi and H5 will show that in all these cases 
the distance between the edge of the centrospheres and the 
chromosomes remains about the same. 

This relation between the chromosomes and the edfee of the 
centrospheres is retained until the chromosomes begin to split. 
As soon as division begins, the chromosomes rapidly approach 
the edge of the centrosphere (figs. He to Hg). 

A close study of the dividing chromosomes shows that the 
splitting takes place in one of two ways. Sometimes we find 
a clear line appearing between the two halves (fig. Gj) which 
separate more as they approach the centrosphere. More 
usually, however, the splitting is accompanied by a twisting 
of the two halves (fig. G2) about each other and the formation 
of V-shaped figures. In either case, both halves retain their 
attachment to the same fiber, and this condition persists until 
the chromosomes have reached the edge of the centrosphere, 
in the vast majority of cases. Here and there, however, the 
two halves appear to be attached to different fibers, as they ap- 
proach the sphere. 

While no light can be thrown on the cause of the chromo- 
some division, it should be pointed out that it appears entirely 
independent of the condition of the aster. The latter may be 
large or small, round or sunken in, or the centrioles may even 
be undergoing division. The chromosomes and the asters seem 
totally independent in their behavior. 

By carefully measuring the distances between the chromo- 
somes and the edge of the centrosphere, I have found that this 
is approximately the same in all monaster eggs in which the 
chromosomes are undivided. There is no sign of any move- 
ment of the chromosome until a split appears. Then the ap- 
proach to the edge of the centrosphere is very rapid and few 
intermediate stages can be found. The division of the chromo- 
somes seems to give the necessary stimulus which causes them 
to approach to the centrosphere. . 

This fact that no movement of the chromosomes takes place 
until after they have divided has an interesting bearing on the 
question of the forces at work here. As is well known, a num- 
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ber of theories have' been advanced to account for the chromo- 
some movement. Of these, three may be considered the more 
important. (1) Contractibility of fibrillae. Klein (79), Van 
Beneden C83), Boveri ('88), etc. (2) A pushing apart of the 
chromosomes; Growth of central spindle, Druner ('95) etc., or 
Watase's C93) ingenious suggestion. (3) Possibly carried along 
by protoplasmic movements, Biitschli ('76), or by chemotaxis 
Strasbiu'ger C93). Most of the later writers on the subject have 
been mcUned to BiitschU's view. Wilson ('95), Griffith ('99), 
Conklin ('02 and '05).» 

Of the many objections to the contractile hs^pothesis, that 
urged by Wilson, and by Griflfith seems the most cogent. In 
sea urchin eggs after the chromosomes have come to he against 
the edge of the centrosphere, they spread out over its surface, 
a fact irreconcilable with the contraction theory. In monaster 
eggs this spreading of the chromosomes is seen exceptionally 
well. 

Any hypothesis which attributes the movement of the chro- 
mosomes to interzonal fibers, can not explain the monaster 
eggs, since no such structures are present. Yet the chromo- 
somes approach the centrosphere with rapidity and certainty. 

This study of monaster eggs has brought to Ught no new facts 
inconsistent with the view that the chromosomes are carried 
to the aster by the flow of protoplasm. For as the chromosomes 
divide, the aster begins a rapid increase in size. It is interest- 
ing to note that no matter how long the chromosomes remain 
undivided, no great increase of the aster occurs until they are 
cleaving. There is a close connection here between the two 
phenomena. 

» The question of chromosome movement, which was so much discussed in 
the nineties, has recently received little attention. For a full review of the 
literature of this earlier period see Wilson's *The Cell,' pp. 70-77, also Conklin's 
Karyokinesis and Cytokinesis. Although written some twenty years ago, Wil- 
son's remarks still seem pertinent: '*In any case, I believe that no satisfactory 
hypothesis can be framed that does not reckon with the chemical and physical 
changes going on in the centrosphere, and take into account also the probability 
of a dynamic action radiating from it into the surrounding structures." ('The 
Cell* page 77.) Such a theory has yet to be advanced, but several attempts 
have been made in this direction. See Lillie's various studies on Cell Division. 
Also Hartog ('14). 
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'SPINNING' OR 'FILOSE ACTIVITIES' IN THE LIGHT OF MONASTER 

EGGS 

The protoplasmic movement of monaster ^gs is similar, 
in several respects, to the 'spin-thread', or 'filose activities' 
observed by several investigators (G. F. Andrews '97, E. A. 
Andrews '98, Coe '99, C. B. Wilson, '99) in the polar body for- 
mation and in the cleavage of nemertean ^gs. Also in star- 
fish and sea urchin eggs as described by Mrs. Andrews. 

As far as the protoplasmic activity of Cerebratulus is con- 
cerned, I believe the movements so well described by C. B. 
Wilson, and which I have myself observed on this same material, 
may be directly compared to those found in monaster eggs, 
since: first, they are found in the region of the cleavage furrow; 
and, second, are found just when cytoplasmic division is taking 
place, or has just been completed. So far as I am aware, noth- 
ing comparable to the swelling of the ectoplasmic layer has 
been described for the nemertean egg. 

The 'filose activities,' described by Mrs. Andrews, were not 
limited to the division plane, but occurred at any place on the 
eggs surface and at any time in the division cycle. What rela- 
tion these general activities bear to the periodic movements, 
described in this paper, is not altogether clear. The work of 
Goldschmidt and Popoff suggests a possible explanation. They 
observed that when eggs were placed in hypertonic sea water, 
the protoplasm lying just beneath hyaline layers underwent 
changes in form, during which little threads were formed; these 
branched and anastomosed, just as Mrs. Andrews described. 
Under the conditions which Mrs. Andrews' work was made, 
it seems very likely that an evaporation of sea water took place, 
with the consequent increase in the density of the sea water. 
This may have been the primary cause for the activities which 
Mrs. Andrews observed. In this event, the periodic movements 
during certain phases of the division cycle, and the continuous 
activities, would be similar in so far as they are responses of the 
cytoplasm to the same stimulus, namely, changes in density. 
In the one case, however, the changes come from within (mon- 
aster eggs), in the other, from without. 



Digitized by 



Google 



STUDY OF CELL MECHANICS 485 

SUMMARY 

1. A study of monaster eggs, living and in sections, has been 
made. 

2. It has been shown that, at each division cycle, the egg 
protoplasm is affected in three ways: (a) first there is a pro- 
nounced swelling of the ectoplasmic layer, (b) this is followed 
by intense changes in surface tension leading to the formation 
of pseudopod-like processes, (c) and accompanied by a flow of 
the superficial protoplasm toward the area where the streaming 
is taking place.' 

3. The intensity of the protoplasmic movement varies with 
the position which the aster takes at the end of the division 
cycle. ♦ 

4. A comparison shows that the behavior of monaster and 
normal sea urchin eggs is similar. 

5. The changes in the egg protoplasm are preceded by definite 
changes in the aster and in the chromosomes, and an analysis 
of the behavior of the eggs is made to determine whether these 
phenomena are due to the aster, nucleus, protoplasm, or to a 
combination of these. 

6. No decisive evidence can be given to prove which part of 
the cell is concerned, but many facts point to the nucleus. 

7. The swelling of the ectoplasmic layer may be produced 
by treating eggs with hypertonic sea water. 

8. An attempt is made to eliminate the aster as a possible 
source for the behavior of the monaster egg, by treating eggs 
with phenyl lU'ethane. 

9. The experiments show that, in the absence of asters, the 
eggs may divide, the division being accompanied, in some cases, 
by a swelling of the ectoplasmic layer in the cleavage plane and 
a movement of the protoplasm into the cleavage furrow. 

10. These facts eliminate the aster (and' the processes which 
presumably lead to their formation, centripetal flow of proto- 
plasm, etc.) from the problem. 

11. All evidence points to the nucleus as the soiu-ce of a sec- 
ond factor in cell division, a factor (or factors) which finds its 
expression in, a swelling of the ectoplasm, great changes in 
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surface tension and a flow of the cortical layers of protoplasm 
toward the cleavage area. 

12. It is pointed out that this nuclear factor is not a new 
conception, but that its various expressions have been emphasized 
in turn, by a number of different investigators, working on dif- 
ferent forms. 

13. Evidence has been given to show that, as far as the cyto- 
plasm is concerned, the asters play the r61e of regulative centers 
during cell division, that is, by forming denser areas they re- 
strict the action of the nuclear factor to a prescribed area. 

14. The history of the chromosomes is followed. 

15. It is suggested that the 'spinning activities' or 'filose 
activities' of Cerebratulus eggs is similar to the protoplasmic 
movement of monaster eggs. In the case of the 'filose activities' 
described by Mrs. Andrews it seems possible that they are re- 
sponses of the irritable protoplasm to a stimulus similar to that 
in the monaster eggs, but coming from a different source. 
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explanation op plates 

Owing to the fact that this study has been made at different places, the draw- 
ings are not all of the same magnification. All the drawings up to and including 
figure 26, plate 4, were made, or completed, by Miss L. Krause of the Osborn 
Zoological Laboratory, Yale University, New Haven, Conn. 



PLATE 1 
explanation op figures 

All drawings, with exception of 1 and 2, are from free hand sketches 
of Strongylocentrotus eggs. 

1. Camera sketch of egg showing swelling of the hyaline layer. 

2 to 5 Various stages of the protoplasmic movement in monaster eggs. Fig- 
ure 2 is from a camera drawing. 

6 Protoplasmic movement of second division cycle. 

7 and 8 Dividing monaster eggs. 
9 Disintegrating monaster egg. 
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PLATE 2 

EXPLANATION OP FIGURES 

All figures are from Strongylocentrotus except 11. All drawings were made 
with a camera lucida except 10 which is from a free hand sketch. Magnifica- 
tion varies as noted below. 

10 Protoplasmic movement in later division cycle. X 1100. 

11 Protoplasmic movement in Arbacia egg showing migration of pigment. 
X 1200. 

12 and 14 Monaster eggs beginning second division cycle. X 1200. 

13 and 15 Consecutive sections through a monaster egg during the proto- 
plasmic movement. X 1000. 
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PLATE 3 

EXPLANATION OF FIGURES 

Camera drawings of sections. Magnification same as noted below. All 
eggs are from Strongylocentrotus. 

16 and 17 showing the two types of monaster eggs found during the first divi- 
sion cycle. X 1900. 

lo Detail drawing of aster. X approximately 3000. 

19 Monaster egg showing division of the centrioles. X 1500. 

20 Monaster egg showing division of the chromosome. X 1900. 

21 Monaster egg showing fusion of chromosome vesicle. X 1500. 
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PLATE 4 

EXPLANATION OP FIGURES 

Figures 26 and 27 from Arbacia. The rest from Strongylocentrotus. All 
drawings made by means of a camera lucida. 

22 Monaster egg in later division cycle. X 2100. 

23 Monaster egg showing multiple asters. X 1600. 

24 Spindle in sec03id division cycle of monaster egg. X 1900. 

25 Monaster egg showing chromosome vesicles. X2100. 

26 Arbacia egg treated with a narcotic showing pronuclei. X 2100. 

27 Arbacia egg treated with a narcotic showing centrosome. X 2100. 
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PLATE 5 

EXPLANATION OF FIGURES 

Drawings from sections of Arbacia eggs treated with narcotic, made with the 
aid of a camera lucida. Magnification approximately X 2100. 

28 Egg showing nuclear spindle with absence of asters. 

29 Egg in which the pronuclei did not fuse before the nucleus was dissolved. 

30 Egg showing the division of the chromosome. 

31 Egg showing the formation of chromosome vesicles. 

32 and 33 Eggs showing cytoplasmic cleavage in narcotized eggs. 
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EXPERIMENTS ON THE DEVELOPMENT OF THE 

SHOULDER GIRDLE AND THE ANTERIOR LIMB 

OF AMBLYSTOMA PUNCTATUM 

S. R. DETWILER 

From the Osbom Zoological Laboratory, Yale University 

* 

THIRTY-THRBB FIGURES 

1. INTRODUCTION 

Experiments on the transplantation of limbs have been car- 
ried on in connection with various problems: a) on the develop- 
ment of nerves (Banchi, '05; Braus, '05, and Harrison, '07); 

b) on the question of orientation and lateraUty (Harrison, '17); 

c) on the question of the development of the shoulder girdle 
(Braus, '09), the rudiment of which is intimately bound up with 
that of the limb. It is with these last experiments that we are 
particularly concerned, since they have a more specific bearing 
on the results of the investigations set forth in this paper. 

Although the intimacy of these two systems — shoulder girdle 
and limb — during development and differentiation led Wieder- 
sheim ('92) to conclude that girdle formation is possible only 
imder the formative influence of the free extremity, the experi- 
ments of Braus showed, in part, the lack of interdependence of 
these systems. Braus found that the removal of the fore-limb 
buds of Bombinator included the tissue from which the central 
or glenoid portion of the girdle develops, and that only the 
distal parts — suprascapula and epicoracoid — were formed fol- 
lowing such an operation. The differentiation of these isolated 
girdle elements from unremoved blastema in the absence of the 
developing appendage demonstrated their independence of the 
free extremity. Confirmation of this observation was made on 
Amblystoma by Harrison ('18), who found, however, that- as 
development proceeded these two separate distal elements gradu- 
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ally approximated each other until, in a larva which was kept 
alive eighty-five days after operation, they had become united 
into a single cartilage. 

The formation of the suprascapula and coracoid in the absence 
of the glenoid portion of the girdle demonstrates that their rudi- 
ments are already determined at the time of the operation, and 
that, while they eventually grow together, their unremoved rudi- 
ments are nevertheless not capable of restoring the missing parts, 
viz., the scapula, all or only a portion of the procoracoid, and the 
shoulder joint, the rudiments of which are removed in a typical 
limb-bud extirpation. 

Braus ('09) further found that when a limb bud is transplanted 
to a heterotopic position, a complete shoulder girdle of one-third 
to two-thirds the size of the normal develops at the place of 
implantation. From this he concluded (page 271) that the 
shoulder-girdle rudiment constitutes an equipotential restitu- 
tion system. 

According to this conclusion, totipotency is restricted to those 
girdle-forming cells which become implanted along with the limb 
bud, for, as has already been pointed out, the unremoved blas- 
tema can develop only into those parts the rudiments of which 
are already determined at the time of operation. The forma- 
tion of a reduced girdle, with all it^ components, from cells 
which, in the normal environment, give rise to only the more 
central parts, would show that in their normal surroimdings their 
prospective potency is greater than their prospective significance. 

The results of the experiments set forth in this paper seem 
to necessitate for Amblystoma, however, an interpretation dif- 
ferent from that which Braus placed on the results of his 
experiments. 

This investigation was taken up at the suggestion of Prof. 
R. G. Harrison. It gives me pleasure to express here my thanks 
to Dr. Harrison for the guidance he has given me during its 
completion. 
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2. NORMAL ANATOMY 

In order that the experiments may be more fully understood, 
a description of the normal girdle will first be given. Chondri- 
fication of the girdle is practically complete in a larva about 
twenty days after the closure of the medullary folds. The girdle 
then consists of a cartilaginous structure lying within the body 
wall and extending from the lateral aspect of the third myo- 
tome almost to the mid-ventral line (fig. 6). It is made up 
of the following components: a) the suprascapula, which con- 
sists of a rod-shaped element lying external to the pronephros 
and constituting the greater portion of the dorsal zone (fig. 23, 
8.8c);h) the scapula, which lies just dorsal and anterior to the 
glenoid cavity and which, in the cartilaginous state, is continu- 
ous with the suprascapula (fig. 23, 8c); c) the procoracoid lying 
immediately anterior and sHghtly ventral to the glenoid cavity 
(fig. 23, p. cor), and d) the coracoid, a relatively broad expanse 
of cartilage, constituting nearly the entire ventral zone of the 
girdle and reaching close to the mid-ventral line (fig. 7, cor. and 
fig. 23., cor.). The scapula, procoracoid, and coracoid are con- 
tinuous proximally and enter into the formation of the glenoid 
cavity which receives the head of the humerus (fig. 23, gc). 

Chondrification 

Chondrification of the girdle proceeds gradually from the cen- 
tral portion towards the periphery. There are three centers, one 
for the scapula, one for the coracoid, and one for the procoracoid. 
The center for the scapula is first to appear. This is followed by 
the center for the coracoid and finally by the procoracoid center. 
This was found by Wiedersheim ('89) to be the case with Triton, 
Siredon, and Salamandra. The same observation was also made 
by Braus ('09) on Bombinator. 

The imion of these three centers completes the chondrification 
of the central portion of the girdle. The suprascapula has no 
separate center and chondrification of this element proceeds 
gradually from the region of the scapula in a dorsal direction. 
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While the central part of the gh-dle is chondrified before the first 
two digits of the fore limb are fully formed and before the elbow 
joint becomes visible, the dorsal portion of the suprascapula is 
not entirely chondrified until the fourth digit makes its ap- 
pearance. The chondrification of the coracoid likewise proceeds 
gradually from its center towards the mid-ventral line. 

These observations agree with those of Braus ('09) on Bombi- 
nator. In this form there are no chondrification centers for the 
suprascapula and the epicoracoid. The epicoracoid of Bom- 
binator is homologous with the ventral portion of the coracoid in 
Amblystoma, which, as has been pointed out, chondrifies gradu- 
ally from the proximal part towards the periphery. 

The cartilage center for the himaerus appears somewhat earlier 
than do those for the girdle. Considering the Amphibia as a 
whole, it can be said that in most cases this is true (Wiedershehn, 
'89, '90, '92; Lignitz, '97, and Braus, '09). From Strasser's ('79) 
description of Triton, one would assmne, however, that in this 
form initial chondrification of the hmnerus and the girdle takes 
place simultaneously. 

The centers for the ulna and radius appear sUghtly later than 
those for the girdle, but they are completely chondrified before 
chondrification of the suprascapula and the coracoid have been 
completed. 

The greater part of the girdle remains cartilaginous throughout 
life, but the entire scapula and those portions of the procoracoid 
and coracoid which enter into the formation of the glenoid cavity 
become ossified. The cartilaginous supr^ascapula which, in the 
larva, is a long slender rod-shaped structure, elongates in an 
antero-posterior direction so as to become a broad flat plate. 
The procoracoid grows out in an antero-ventral direction and 
becomes a structure very similar in shape to the procoracoid of 
Necturus. The coracoid, which comprises the greater part of 
the ventral zone of the girdle, is a large flat rounded plate of 
cartilage lying ventral and posterior to the procoracoid. The 
two coracoids overlap in the mid-ventral Une. The shape of the 
ventral portion of the adult girdle is very similar to that figured 
by Fiirbringer ('73) for Salamandra maculata. 
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No description of the shoulder muscles of Amblystoma could 
be found in the literature. The musculature, however, so far as 
has been studied, closely resembles that of Salamandra macu- 
lata, a European tailed Amphibian described by Fiirbringer (op. 
cit.). In referring to the musculature, Ftirbringer's nomencla- 
ture will be employed. 

3. EXPERIMENTAL 

The experiments were carried out upon embryos in two dif- 
ferent stages: a) the so-called tail-bud stage, and b) the stage of 
open medullary folds. 




Fig. 1 Camera-lucida drawing of an embryo of Amblystoma in the tail-bud 
stage. The larger of the two circles represents the typical limb disc. X 15. 
pn, = pronephros. 

1. EXPERIMENTS ON EMBRYOS IN THE TAIL-BUD STAGE (STAGE 29) 

' A. Extirpation exj^erimenU 

1. Removal of the suprascapula rudiment. As has already 
been pointed out (Harrison, '15), the fore-limb rudiment of an 
embryo in the tail-bud stage consists of a somatopleural thick- 
ening just ventral to the pronephros, centering in the region of 
the fourth myotome and extending over into that of the third and 
fifth. The formation of a suprascapula following the extirpation 
of the limb rudiment in this stage shows that its rudiment is not 
included with the limb mesoderm. Although there is no visible 
suprascapula rudiment, nevertheless, extirpation of the region 
a-e X 1-3 (text fig. 1), including the outer or cutis layer of the 
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TABLE 1 

Showing tfie resulta following the removed of tfie area a--e X IS {text Jig, 1) including 
the outer cell layer of the somites and the pronephros 





AGS 
DATS 
AITXB 
OPBBA- 

TION 




DONDITION or TH» GIBDLB AlfD THB BZTBBlflTT 


• 


INDIVIDUAL 




Scapula 


Proeoracoid 


Coraeoid 


Homeroa 


E8 

BalO... 

R4 

E6 


26 
24 

26 
26 


absent 
absent* 
absent 
absent 


present 
present 
present 
present 


present 
present 
present 
present 


present 
present 
present 
present 


present 
present 
present 
present 



* Only dorsal half wanting. 

ventral halves of the somites and the pronephros, results m the 
formation of a girdle without a supraseapula (fig. 24 and table 1). 
The removal of this area has practically no effect on the de- 
velopment of the extremity itself and of the remainder of the 
girdle. AbnormaUties in the limb sometimes occur if its rudi- 
ment is disturbed to any great extent during the operation. 

Z. Removal of the suprascapida rudiment and of the myotomes. 
This type of experiment consisted in the entire removal of the 
third, fourth, and fifth somites and the pronephros. In these 
experiments the woimd was usually covered with ectoderm taken 
from a second embryo, since complete exposure of the notochord 
and the medullary tube frequently results in a disintegration 
of the embryo. Removal of the entire somites produces the same 
effect on the girdle as that described for the first type of experi- 
ment, viz., the formation of a girdle without a supraseapula 
(figs. 8 and 25 and table 2). In the absence of the somites, the 
Umb and the girdle undergo a dorsal shifting (fig. 8). This is 
apparently due to a release of pressure from that direction. 

Complete removal of the third, fourth, and fifth somites, 
while leading to no defects in the limb musculature, brings 
about marked deficiencies in the ventro-lateral musculature, ob- 
servations corroborating those previously made by Miss Byrnes 
('98) and Lewis ('10). Miss Byrnes (op. cit.) produced the first 
experimental evidence to show that the musculature of the an- 
terior limb of Amblystoma develops in situ and that it is in no 
way derived from the myotomes or their ventral processes. 
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TABLE 2 
Shomng the resvUs following complete removal of the thirds fourth^ and fifth somites 

and the pronephros 





AGS 
DATS 




com>rriON or the qirdlb and 


TH» CXTBKMITT 




IH DIVIDUAL 


AFTBB 
OPCBA- 
TION 


Suprasoapula 


Scapula 


Procoracoid 


Coracoid 


Humerus 


Bal3.... 


23 


absent 


present 


present 


present 


present 


Ball.... 


23 


absent 


present 


present 


present 


undifferen- 
tiated , 


Exl 


26 


absent 


present 


present 


present 


absent 


E7 


27 


dorsal half 
absent 


present 


present 


present 


present 



The absence of the limb in case Ex 1 is no doubt due to the destruction of its 
rudiment in the removal of the pronephros. 

Lewis (op. cit.), however, in addition to demonstrating this same 
fact, showed that definite defects in the ventro-lateral muscu- 
lature follow the removal of the myotomes of the limb region. 

An examination of figure 8 will show that, in this case, there is 
complete Absence of the ventro-lateral musculature on the oper- 
ated side. This is, however, not always the case, for in others in 
which these same myotomes were completely excised, the ventro- 
lateral musculature is partly filled in by a compensatory elonga- 
tion of the derivatives of intact myotomes. This same observa- 
tion was also made by Lewis. 

In the absence of the suprascapula, the m. dorsaUs scapulae, 
which normally runs from the proximal end of the humerus over 
the external surface of the suprascapula (fig. 7, m.dsc), now 
attaches to the scapula (fig. 8). 

It is essential, in order to remove successfully .the supra- 
scapula rudiment to include the pronephros. Its removal fa- 
cilitate& cleaning of the woimd and thus affects indirectly the 
results of the experiment even though it exerts no direct influ- 
ence. This applies as well to removal of the limb bud as a whole 
(Harrison, '15). 

Since removal of the outer portions of the third, fourth, and 
fifth somites suppresses development of the suprascapula and 
since there is no visible rudiment for this element at the time 
of the operation, the experiments show that the suprascapula is 
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derived from tissue other than that which gives rise to the limb 
and the remainder of the girdle. Sections of older embryos 
show that dorsal to the pronephros scattered mesenchyme cells 
gradually appear and become continuous, external to the pro- 
nephros, with the limb-forming cells. It is evident that this 
mesenchyme, which later forms the suprascapula, is segregated 
from the outer or cutis layer of the somites in this region and 
that the suprascapula is formed in situ. Such a conclusion is 
strengthened by the fact that after complete removal of the 
limb rudiment and the pronephros, the suprascapula develops in 
its normal place, provided the third, fourth, and fifth samites 
are undisturbed. 

Not only do these experiments diow that the suprascapula is 
already determined at the time of the operation and that it is 
formed in situ, but they demonstrate as well the impotency of 
the unremoved girdle tissue to replace the missing part. 

S. Removal of the dorsal zone rudiment of the girdle and the 
limb mesoderm. This series of experiments consisted of the re- 
moval of the area a-e X 1-5 (text fig. 1). This included the 
outer portion of the ventral halves of the somites, the pronephros, 
and the limb mesoderm. The wounds were cleaned and covered. 
The removal of this area suppresses development of the supra- 
scapula, scapula, and the free extremity, and only the ventral 
half of the girdle develops, no glenoid cavity being formed in 
any of these cases (figs. 9 and 26 and table 3). The formation 
in situ of the procoracoid and coracoid is evidence that they, too, 
are already determined at the time of the operation and are not 
dependent "for differentiation on the remainder of the girdle and 
the limb, the rudiments of which were removed in this tjrpe of 
experiment. Although the myotomes proper were left intact, 
several larvae showed slight defects in the ventro-lateral mus- 
culature. This is no doubt due to a partial injury of the ventral 
portions which furnish the muscle buds. 

The rudiments of practically all the shoulder musculature are 
included in these extirpations. In one case a few partially de- 
veloped muscle fibers were present just external to the unre- 
moved girdle elements. They probably represent the m. supra- 
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TABLES 

Showing the reavlU following the removal of the areaa-e X IS (text fig. 1) including 

the outer portion of the somites, the pronephros, and the limb mesoderm 





AQB 


CONDITION OF THK QIBDLB AND THK LIMB 


INDIVIDUAL 
















SupraaeapuJa 


Scapula 


Proooracoid 


Coraooid 


Humenu 




day. 












R6 


26 


absent 


absent 


present 


present 


absent 


E2 


26 


absent 


absent 


present 


present 


absent 


R2 


26 


dorsal por- 
tion 
present 


absent 


present 


present 


absent 


ElO 


28 


absent 


absent 


present 


present 


absent 


Ex 3 


28 


absent 


absent 


present 


present 


absent 


Rl 


26 


small nod- 
ule of 
cartilage 


absent 


present 


present 


absent 



Incomplete absence of the suprascapula in cases R 1 and R 2 is apparently 
due to imperfect removal of the rudiment. 

coracoideus, a muscle which normally runs from the proximal 
end of the humerus to the external surface of the coracoid (fig. 
7, m.spc). 

4. Limb-bud extirpations. The effects of the removal of a 
typical limb disc on the girdle (text fig. 1) are in accord with 
those described by Harrison C18). In individual H 2 sectioned 
twenty-two days after the operation, only the suprascapula, a 
very small procoracoid, and the coracoid were present (fig. 10 
and table 4). In another, H 5, only the dorsal part of the 
suprascapula was present in addition to a fragmentary procor- 
acoid and the coracoid (fig. 27 and table 4). In these cases the 
pronephros was removed with the limb bud, and the incomplete- 
ness of the suprascapula in the second case is no doubt due to a 
partial destruction of its rudiment in the removal of the pro- 
nephros. 

Since no limbs developed in experiment 3 after the removal of 
the area a-e X 1-5, it is obvious that the ventral portion of a 
typical limb disc (Harrison, '15 and '18) which is shown in 
text figure 1 contains only girdle-forming cells. 

The formation of only a portion of the ventral zone of the 
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TABLE 4 
Showing the effects. on the girdle of removal of the limb disc 





AOK 


CONDITION OF THB QIRDLE 




Suprawsapula 


Scapula 


Proooraooid 


Coracoid 


Shoulder joint 


H2 

H6 


days 
20 
20 


present 
present* 


absent 
absent 


present 
fragmentary 


present 
present 


absent . 
absent 



* Dorsal half only. 

girdle following a typical limb-bud extirpation not only indicates 
that part of its rudiment is removed with the limb bud, but that 
the part which is unremoved is already determined at the time 
of the operation. Further, when a limb bud is transplanted to a 
heterotopic position, the development of a girdle with a ventral 
zone of reduced size (fig. 28) also serves to indicate that only a 
portion of the rudiment is transferred with the limb cells. 

If localization of the cells which are to form the ventral zone 
of the girdle is complete at the time of the operation and they 
can be successfully extirpated, then only the dorsal zone should 
develop following their excision. A series of experiments were 
therefore performed to test the validity of this hypothesis. 

5, Removal of the rudiment of the ventral zone of t}\e girdle. It 
is obvious, in the light of experiments- previously described (A 3 
and A 4), that, in attempts to extirpate the entire rudiment of 
the ventral zone, the excision must include not only a portion 
of the limb bud, but tissue lying still more ventral than this 
area. In these experiments the mesoderm within the area a-^ X 
4-8 was excised and the woimds cleaned and covered. While 
in seventy-five per cent of the cases normal limbs developed 
following excision of this area, it was found that, in a number of 
larvae sectioned twenty days after the operation, the ventral 
zone of the girdle was entirely wanting while the dorsal zone had 
developed normally (figs. 11, 12, and 29 and table 5). Several 
cases similar to the one figured, in which the entire rudiment of 
the ventral zone had been removed, not only lacked the pro- 
coracoid and coracoid elements, but the shoulder joint as well. 
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TABLE 5 
Showing the results following the removal of the mesoderm within the area a-e X Jh^ 

(text fig, 1) 





AOB 


CONDITION OF THB QIBDLB AND THE BXTRBMITT 


INDXVIODAL 


Supra- 
scapula 


Scapula 


Procoracoid 


Coracoid 


Humerus 


Ext. Gr. C.«4. 
Ext. Gr. C. 9. 
Ext. Gr. C. 13. 
Ext. Gr. C. 19. 
Ext. Gr. C. 20. 


dayn 
20 
20 
20 
20 
20 


present 
present 
present 
present 
present 


present 
present 
present 
present 
present 


absent 
absent 
absent 
absent 
absent 


rudimentary 

rudimentary 

absent 

absent 

absent 


present 
present 
present 
present 
present 



The development of a rudimentary coracoid in cases 4 and 9 is no doubt due 
to incomplete removal of the ventral zone rudiment. 

The dorsal zone in these cases ended blindly at the point where 
the humerus began and was ankylosed with it. Shoulder move- 
ments in most of the cases were very sUght or entirely wanting. 
In complete absence of the ventral zone, the procoraco-humeral 
and supracoracoideus muscles were also lacking, their rudiments 
having been removed with those of the cartilaginous elements. 
The pectoral muscles, however, were present and followed their 
normal course. 

In other cases following the extirpation of this region the 
function of the limbs was more normal. It was found when 
these larvae were sectioned that, in addition to an imperfectly 
formed glenoid cavity, a small process of cartilage extended ven- 
tral to the proximal end of the humerus which could be identi- 
fied as a very rudimentary coracoid. * A short supracoracoideus 
muscle connected this fragmentary corgxjoid with the humerus. 
No procoracoid element could be distinguished. 

The development of the rudimentary coracoid in these cases 
is evidence of incomplete removal of the entire rudiment of the 
ventral zone. Such cases, while they must be regarded in one 
sense as unsuccessful, have nevertheless an important bearing 
on the question of totipotency of the girdle-forming tissue. If the 
unremoved ceUs which formed this rudimentary coracoid were 
equipotential, then restitution of the entire ventral zone would 
be expected. This not being the case, it must be said that what 
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TABLE « 

Showing the results following removal of the mesoderm within the area a-e X 5-8 

(text fig. 1) 





AGS 


CONDITION OF THB OIRDLE AND THE BXTREMITT 


INDIVIDUAL 


Supra- 
soapula 


Soapula 


Procoracoid 


Coracoid 


Humerus 


Ext. Gr. C. 20 

Ext. Gr. C. 25 


dayw 
20 
20 


present 
present 


absent 
absent 


absent 
absent 


absent* 
absent 


absent 
absent 



has been formed is an expression of the potency of these cells to 
form only that for which they are determined at the time of the 
operation. The rudimentary coracoid in these cases is smaller 
than that which developed from the tissue carried along with the 
limb cells in a tjT)ical limb-bud transplantation, but more cora- 
coid-forming tissue is present in the latter case. 

It is seen by referring to figure 1 that in the extirpation of the 
area a-e X 4-8 slightly more than the ventral half of the typical 
limb disc is included, yet fifteen out of twenty such cases de- 
veloped normal limbs. This high percentage of normal limbs 
from, only the more dorsal portion of the rudiment affords addi- 
tional evidence of the true equipotentiality of the limb system. 

6. Removal of the ventral zone rudiment of the girdle and the 
entire limb rudiment This tjT)e of experiment consisted in the 
removal of the mesoderm within the area a-e X 3-8 (text fig. 
1). All the wounds were cleaned and covered. The part re- 
moved included not only the limb mesoderm, but the rudiments 
of all parts of the girdle except the suprascapula. The results 
of these experiments are shown in figures 13 and 30 and in table 6. 

The development in these cases of the suprascapula in the ab- 
sence of the Umb and all other parts of the girdle lends additional 
evidence of the independence of this element in its development, 
and shows further that it develops from a separate rudiment 
(Exp. Al, A2, and tables 1 and 2). 

Braus was not able to say definitely whether or not in Bom- 
binator the suprascapula had a separate rudiment. He was 
able to recognize two thickenings in the dorsal zone (Braus, '09, 
p. 175, fig. 5, scap.j and fig. 7, Z) which, however, were not 
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sharply marked oflf from each other, thus suggesting the possi- 
bility of their being a single anlage. 

While more or less definite defects in the girdle have resulted 
from the extirpation of regional areas hitherto designated, the 
girdle defects following the removal of either the anterior or pos- 
terior half of the limb disc have not been so definite nor con- 
stant in character. The few specimens used in this study were 
given over by Dr. Harrison, who removed from the embryos the 
anterior and posterior halves of the limb disc in connection with 
his experimental study of the equipotentiaUty of the limb. 
Three cases were studied in which the anterior half of the disc 
had been removed. In cases Rem. E. 22 and 23, preserved 
forty-six and eighteen days, respectively, after the operation and 
in each of which the limb had developed normally, the only de- 
fect in the girdle consisted in the absence of the procoracoid. 
In case H. R. E. 11 — (twenty-six days) in which the Umb con- 
sisted of nothing more than a nodule of undifferentiated mesen- 
chyme cells, there was complete absence of the girdle. This 
case bears no significance with regard to localization, since ordi- 
narily after the removal of the entire limb disc, the suprascapula, 
procoracoid, and the coracoid develop (Exp. A 4 and table 4). 
The only point of interest that this case offered was the fact that 
in the absence of skeletal differentiation, two of the shoulder mus- 
cles were differentiated, these being the trapezius and the pectoral. 

Three cases were studied in which the posterior half of the 
limb disc had been removed. Case Rem. E. 12 (twenty-six days) 
with normally developed extremity showed considerable defects 
in the ventral zone of the girdle. The procoracoid was entirely 
wanting, while the coracoid was greatly reduced in size. The dor- 
sal zone was normal. In case H. R. E. 12 — (twenty-six days) 
with defective hand, there was no procoracoid. The coracoid, 
while being normal in length, was somewhat reduced in width. 
The dorsal zone was also poorly developed. In H. R. E. 9 — 
(twenty-six days) in which no limb had developed, all parts of 
the girdle were present although somewhat atypical in shape. 
The most pronounced abnormaUty consisted of a distinct ^x- 
chondrosis from the posterior border of the suprascapula. 
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Reviewing these few cases as a whole, we see that they showed 
no consistent defects, yet it is hardly to be expected that the 
removal of either the anterior or the posterior half of the limb 
disc would bring about any marked deficiencies in the girdle, since 
only a very small portion of the girdle rudiment can be in- 
volved in either case. Even after the removal of the entire limb 
disc, the suprascapula, procoracoid, and the coracoid develop in 
their normal position, while only the scapula and the glenoid 
portion of the girdle are wanting. It is quite possible that the 
excision of larger anterior or posterior areas would produce more 
pronounced and definite defects. 

B. Transplantation experiments 

The development of a limb in the absence of either the dorsal 
or the ventral half of the girdle suggested the possibility of its 
development in the absence of the entire girdle. Experiments 
were therefore, made to test this possibility. 

1. Transplantation of small areas of cells from the dorsal half of 
the limb disc. The area of mesoderm transplanted in these ex- 
periments is shown in text figure 1 by the smaller of the two 
circles. In five cases out of fifteen such transplants the tissue 
was resorbed. The other ten developed into limbs which showed 
more or less abnormaUty, consisting chiefly of reduplicated hands. 
Most of the limbs were atrophic and all lacked function. It was 
found when these larvae were sectioned twenty days after the 
operation that only a very fragmentary piece of the girdle was 
present, which from its relation to the humerus must be regarded 
as a rudimentary coracoid (fig. 14, cor. and fig. 31, cor). This 
was connected with the humerus by a very short supracora- 
coideus muscle. 

The almost complete absence of any girdle in these cases dem- 
onstrates that the region from which the transplanted tissue was 
taken is relatively free from cells which have the potency to 
forp a girdle. When a larger area is transplanted, such as is 
indicated by the larger of the two circles in text figure 1, a con- 
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siderable portion of the girdle-forming cells is included so that a 
girdle of the size shown in figure 28 develops at the place of 
implantation. 

2. Transplantation of the ventral zone rudiment of the girdle and 
the ventral portion of the limb mesoderm. It has been shown in 
table 5 that extirpation of the mesoderm within the area 
a-e X 4-8 resulted in the formation of a girdle without a ventral 
zone (fig. 29). In this excision the ventral portion of the limb 
rudiment was included. This same area was transplanted in 
order to ascertain whether it would develop into a limb and a 
girdle consisting of only the ventral zone. Fifteen such trans- 
plantations were made. All developed limbs, of which ten 
showed reduplications of the hand; four were abortive and one 
normal. Three such cases were sectioned twenty-two days after 
the operation. The sections showed that only the ventral zone 
of the girdle was present with the limb (figs. 15 and 32). The 
limbs which resulted from these transplants developed from only 
a portion of the limb rudiment, showing thereby the equipoten- 
tiality of this system. The failure of the dorsal zone of the 
girdle to develop offers additional evidence to show the non- 
equipotentiaUty of the girdle rudiment. 

5. Transplantation of the dorsal zone rudiment of the girdle and 
the dorsal portion of the limb mesoderm. This series of experi- 
ments consisted of the transplantation of the area a-e X 1-4 
(text fig. 1) including the ventral halves of the somites, the pro- 
nephros, and the dorsal segment of the limb mesoderm. Ten 
such transplants gave rise to limbs, eight of which showed either 
reduplications of the hand alone or of both the forearm and hand. 
An examination of the girdles which had developed in these ex- 
periments shows that they are composed almost entirely of a 
dorsal zone (figs. 16 and 33), which, while somewhat smaller 
than the dorsal zone of a normal girdle, are nevertheless com- 
plete with respect to their elements, viz., suprascapula and 
scapula. The presence of a very small portion of the ventral 
zone in the girdle shown in figure 33 is no doubt due to the inclu- 
sion in the transplant of some of the cells which are to form the 
ventral zone, yet the failure of these cells to form a complete 
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ventral zone shows again their lack of equipotentiality for this 
structure. 

Experiments thus far described were made upon embryos at 
about the time of the appearance of the tail bud when the limb 
tissue is in the form of a definite limb bud. The relation of the 
girdle rudiment to that of the limb has been shown in these 
experiments. They have further served as a means of showing 
in two different ways — extirpation and transplantation — that 
not only is the girdle rudiment already determined at this stage, 
but that the rudiments of the separate components have already 
become localized. 

A further discussion of these experiments will be taken up 
after the experiments in part 2 have been considered. 

2. LIMB EXPEBIMENTS ON EMBRYOS IN THE STAGE OF HIGH 
MEDULLABY FOLDS (STAGE 18) BEABING UPON THE 
DEVELOPMENT OF THE SHOULDEB GIBDLE 

A. Extirpation experiments 

While the limb rudiment is present as a definite somatopleural 
thickening in the embryos used for all experiments hitherto de- 
scribed, its definiteness is gradually lost as we study successively 
earlier stages. In the stage of open medullary folds, no somato- 
pleural thickening is present and the axial and the lateral meso- 
derm have not yet been separated. "Therefore at this stage the 
limb rudiment is present as a region of mesoderm without vis- 
ible local characteristics. Embryos at this stage also lack the 
surface markings, viz., somites and pronephros, which indicate 
the position of the limb rudiment in the older stage and which* 
are used as landmarks in experimentation. Consequently, it is 
impossible to make exact determinations of the area of limb- 
forming cells. 

Location of the limb mesoderm in the absence of surface mark- 
ings was determined by a fairly accurate method, already de- 
scribed by the author (Detwiler, '17), a brief description of 
which may be repeated here. 

After removing the embryos from the capsule a circular cut 
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was made just posterior to an imaginary line passing dorso- 
ventrally midway through the embryo. The ectoderm and meso- 
derm were removed. The wound, after being cleaned from all 
free mesoderm cells, was then covered over by a circular piece 
of ectoderm, cut to fit the excision, taken from an embryo which 
had been properly stained in an aqueous solution of Nile blue 
sulphate. In about one-half hour this stained disc of ectoderm 
had healed in and its size and position was 'then indicated by a 
camera drawing (text fig. 2) . The heavily stippled area represents 



2 3 

Fig. 2 Camera drawing of an embryo (E. Tr. Ext. 12) in the stage of high 
medullary folds. The heavily stippled area represents a circular piece of ecto- 
derm taken from an embryo previously stained in a solution of Nile blue sul- 
phate. This occupies the wound resulting from the extirpation of the limb 
mesoderm. X 10. 

Fig. 3 Camera drawing of the same embryo (E. Tr. Ext. 12) shown in figure 
2 thirty hours later, showing the position of the inserted stained disc of ectoderm 
with reference to the somites. X 10. 

the circular piece of transplanted blue ectoderm, which is in 
marked contrast to the brownish-yellow ectoderm of the host. 

The position of this inserted piece of ectoderm, when develop- 
ment had proceeded so that the somites had become visible, 
servfed to indicate whether or not the limb rudiment had been 
removed. If the stained disc eventually came to he just ventral 
to the third, fourth, and fifth somites (text fig. 3), then it could 
be said with more or less certainty that the limb rudiments had 
been removed. When the extirpated area was taken from a more 
posterior position than that shown in text figure 2, the stained 
disc which covered the wound came to lie ventral to the fourth, 
fifth, and sixth or the fifth, sixth, and seventh somites. This 
indicated that only a portion of the limb rudiment had been 
removed and regeneration could be predicted. 
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The position of the stained disc is not always an absolute indi- 
cator of the region of the excised mesoderm, since it may be 
changed somewhat by ectodermal shifting. There is, however, 
very Uttle shifting in the inamediate limb region. The more 
pronounced ectodermal shifting, which does not usually occur 
until a somewhat later stage, takes place dorsal to the limb 
region and proceeds in a dorso-posterior direction; the general 
character and direction of the movement being similar to that 
observed in frog embryos by Harrison ('03) in his experiments on 
the development of the lateral line. 

The migrating ectoderm, however, occasionally involves the 
dorsal portion of the stained area which then loses its circular 
shape and lengthens out dorso-posteriorally. Even though the 
stained disc is not involved in the ectodermal migration, it 
gradually becomes larger through continued cell division and 
the stain, now being distributed over a larger area, gradually 
loses its intensity. 

It is impossible to excise equal areas in all cases and a certain 
degree of variation is to be expected. Measurements of the 
antero-posterior and dorso-ventral diameters of the inserted disc, 
after healing, were taken in many cases. These, of course, rep- 
resent approximately the diameters of the excised piece. The 
size of this area was compared with that of a typical limb bud, 
which, in an embryo of the tail-bud stage has a diameter of three 
and one-half somites, an actual measiu'ement of 0.93 mm. 'The 
diameters of the discs extirpated from the embryos in the neural 
fold stage varied between 0.66 and 0.93 mm. 

Harrison ('15 and '18) showed in a series of extirpation experi- 
ments on embryos in the taU-bud stage that no regeneration oc- 
curred from wounds the width of three and one-half somites in 
diameter, provided they had been cleaned and covered, but when 
they were only three somites in diameter 33 per cent regeneration 
occurred. In most of the experiments on the neural-fold stage 
the average diameter of the excised areas was equal to the width 
of from three to three and one-half somites, or 0.73 to 0.93 mm. 
The results of the simple extirpations are given in table 7. 

Although slight variations in the position from which these 
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TABLE 7 
Showing the effect of removal of the limb mesoderm from embryos in the stage of 

high medullary folds 





WOUNDS OOVBBBD 


WOUNDS NOT OOVERBD 


SUB OP WOUND, 






DIAliSTSR 


Regenerated 


Not regenerated 


Regenerated 


Not regenerated 


mm. 










Not recorded 


10 


23 


7 


14 


0.66 


6 









0.73* 


6 


2 






0.80 


1 


3 






0.86 





3 






0.93t 





5 







* Equals the size of a three-somite wound, 
t Equals the siae of a three-and-one-half-somite wound. 

i 

excised areas were taken undoubtedly oeciu* because of the ab- 
sence of definite surface markings, nevertheless, the results of the 
table show that, as the diameter of the excised area approaches 
the diameter of a three-and-one-half somite wound, less regen- 
eration occurs. 

While the limb mesoderm can be successfully extirpated from 
embryos of this stage certain technical diflSculties are met with 
in the procedure. Although healing of the tissue is rapid, the 
embryos frequently disintegrate a day or two after the opera- 
tion. It was found that a smaller number disintegrated if they 
were kept at a temperatiu'e of about 15°C. for twenty-foiu* 
hours after the operation and then brought back to room tem- 
perature. 

Watch glasses which were used in these operations were coated 
either with wax or parafl^ in order to prevent the embryos from 
sticking to the bottom. If this is not done, they frequently 
adhere to the glass and the ectoderm is torn off in attempts to 
liberate them. Embryos should remain in these coated dishes 
for from twelve to twenty-four hours after the operation. They 
can then be transferred with safety to ordinary watch glasses. 
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B. Transplantation experiments 

In the transplantation of the limb mesoderm the method of 
staining with Nile blue sulphate was also employed in a nimiber 
of cases. Of trwo embryos which were selected, one was stained 
in an aqueous solution of the dye imtil the desired color had 
been attained. In the other embryo a circular wound was pre- 
pared, posterior to the region of the limb mesoderm, for the 
reception of the transplant. The limb mesoderm with the over- 
lying ectoderm was then excised from the stained embryo (posi- 
tion indicated in text fig. 2) and transferred to the prepared 



Fig. 4 Camera drawing of an embryo in the stage of high medullary folds. 
The heavily stippled disc indicates the size and position of the limb mesoderm 
with the overlying ectoderm transplanted from an embryo previously stained 
in a solution of Nile blue sulphate. X 10. 

Fig. 5 Camera drawing of the same embryo shown in figure 4 two days later, 
showing the relation of the transplanted area to the normal limb region. X 10. 

wound (text fig. 4). It is seen from this figure that a transplant 
so placed occupies the flank region at the very posterior end of 
the embryo. When the embryo had developed so that the 
somites became visible, the position of the stained transplant 
with respect to the somites, as well as its relation to the normal 
limb region, could be ascertained (text fig. 5) . Transplants which 
are placed at the position indicated in text figure 4 practically 
always come to lie ventral to the sixth, seventh, and eighth so- 
inites (text fig. 5), a position which is so near the normal limb 
region that conflicts frequently arise in the development of the 
two systems. The limbs which usually start separate develop- 
ment very often fuse together. In several cases only one limb 
developed from the two systems. In order to obviate these 
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TABLE 8 

Showing the results of transplantation of the limb mesoderm from embryos in the 

stage of high medullary folds 



ORIXNTATIOX 



Homopleural dorso-dorsal . . 
Homopleural dorso-ventral . 
Heteropleural dorso-dorsal. 



NOR- 
MAL 
UMBfl 


ABOR- 
TIVB 


RBOU- 
PLICA- 
riONB 


FUSION 
WITH 
NOR- 
MAL 
LIMB 


ABNOR- 
MAL 
SINOLB 
LIMBS 


8 

2* 
2t 


• 2 

1 
1 


10 

2 

1 


7 
2 

1 


2 

1 

4 



TRANS- 
PLANT 

RK- 
BORBBD 



♦ Laterality reversed. 

t Original laterality retained. 

abnormalities, the transplants were later placed at the posterior 
end of older embryos. In such cases the transplant was of suflS- 
cient distance from the normal limb to allow independent develop- 
ment of the two systems. 

The region in the stained embryo from which the transplant 
had been taken was in many cases covered with unstained ecto- 
derm taken from a third embryo. This imstained insert now 
occupied the place from which the transplant had been taken 
and its position in the embryo, when the somites became visible, 
served to indicate whether the limb rudiment had been entirely 
or only in part transplanted. 

The results of the transplantation experiments are given in 
table 8. 

The posture of the normal limbs is in accord with the funda- 
mental rules 1 and 2 underlying the determination of laterality 
(Harrison, '17). When the transplant is grafted on the same side 
from which it is taken (homopleural) and not inverted (dorso- 
dorsal), original laterality is retained (rule 1), but when inverted 
(dorso-ventral) a limb of opposite laterahty results (rule 2). 
When transplanted to the side opposite to that from which it is 
taken (heteropleural) and not inverted, original laterality is 
retained (rule 1). 

While the number of experiments is small, the results show 
that the fundamental asymmetry of the limb mesoderm is already 
determined in embryos with high medullary folds. 

Just how early the limb rudiment is determined cannot be said 
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at this time. It was successfully transplanted in several cases 
from embryos with low medullary folds, but no experiments 
have been made upon still younger embryos. 

The region of mesoderm extirpated from the embryos in the 
stage of high medullary folds (text fig. 2) not only included the 
limb cells, but, in many cases, the entire girdle rudiment, so 
that there was complete absence of the girdle on the operated 
side (fig. 17). This figure is a section taken from the same 
embryo (E. Tr. Ext. 12) which is shown in text figure 2. The 
size of the region extirpated in this case corresponds to that of a 
three-somite wound in an embryo of the tail-bud stage, an 
extirpation which, in the later stage, removes only the central 
portion of the gu*dle rudiment so that isolated pieces of the 
girdle develop from the unremoved tissue (fig. 10). It is seen 
by comparing the two conditions resultmg from extirpations of 
the same size that in the embryo with high medullary folds the 
girdle rudiment occupies a smaller area than in an embryo of the 
tail-bud stage. 

The excised areas in the earUer stage always includes the rudi- 
ment of the pronephros. In the absence of the pronephros on 
the operated side a compensatory hypertrophy of this structiu^e 
on the intact side is always found (fig. 17). This is in accord 
with Miss Rowland's ('16) observations. Hypertrophy appears 
to be greater when the rudiment is removed from these early 
embryos than when the partially developed structure is removed 
from older embryos. 

While in a number of these larvae, without the appendage, 
the entire girdle was lacking, in others a 'girdle' was found to be 
present (fig. 18). Although such girdles are present as continu- 
ous cartilaginous bands, nevertheless the central portion lacks 
those characteristics which typify the normal structure. This 
portion probably represents a hyperplastic growth of those 
parts which developed from the unremoved girdle cells which 
were located near the periphery of the wound. The completeness 
of these girdles therefore cannot be regarded as a manifestation 
of true restitution processes, for the completeness is only one of 
quantity and not of quality. 
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Since the region of mesoderm shown in text figure 2, when ex- 
tirpated, frequently includes the entire girdle rudiment, it is 
obvious that when transplanted all or nearly all of the rudiment 
is included in the transplant. 

When such transplantations were made it was found that the 
girdles which had developed at the place of implantation were 
almost as large as the normal girdles (fig. 20). Figure 19 repre- 
sents a section through the normal girdle of individual D 29 
preserved twenty-four days after the operation. Figure 20 shows 
a section through the implanted girdle. When these two girdles 
are compared and measured it is found that the implanted girdle 
is about three-fourths as large as the normal one. In individual 
D 41 preserved twenty-seven days after the operation the im- 
planted girdle was also found to be three-fourths as large as the 
normal. In this case, as well as others, the implanted mesoderm 
was placed so near to the normal limb region that there was 
partial fusion of the two girdles. In individual D 23 preserved 
twenty-four days after the operation, the implanted girdle was 
larger than in all other operated cases studied, it being four- 
fifths the size of the normal. The dorsal zone was typical in 
shape, although the ventral zone was broader and not quite as 
long as that of the normal. There was also partial fusion of the 
two girdles. 

The fact that double limbs frequently arise from a single trans- 
planted rudiment has already been shown (Braus, '04 b, and 
Harrison, '07). When double limbs develop from transplants 
which are placed near the normal limb rudiment, the anterior 
of the two frequently unites with the normal limb to form a 
fused double limb, while the posterior member of the redupHca- 
tion remains single. This condition was met with in individual 
D 23. Although the anterior member had fused with the nor- 
mal limb, its shoulder joint was formed on the implanted girdle. 
A separate shoulder joint was formed some distance posterior 
and ventral to this for the reception of the posterior member of 
the reduplication. Other cases have shown that there may be 
only one shoulder joint for both members of a double limb. The 
formation of double limbs therefore does not mean the formation 
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of a double gircQe. In all cases studied a single girdle was 
formed. If the two members of a double limb are completely 
fused at the base there is only one shoulder joint; if they are 
separated at the base two joints may be formed on the same 
girdle. 

According to Braus ('09, p. 28S), when reduplicating limbs arise 
from a single transplanted rudiment of Bombinator, there may 
be a complete redupUcation of the implanted girdle; or, in addi- 
tion to the formation of one main girdle for the principal limb, 
there may be an accessory girdle for the supernumerary append- 
age (Braus, op. cit., p. 284, and pi. 16, fig. 5 a). 

It is evident from the cases cited (D 23, 29, 41) in which 
girdles from three-fourths to four-fifths the size of the ijiormal 
had developed, that all or nearly all of the rudiment must have 
been included in the transplant. Their being shghtly smaller 
than the normal is probably due to the fact that they are placed 
in an abnormal environment where there is less space for differ- 
entiation than in the normal situation. 

Girdles which develop from typical limb-bud transplantations 
in embryos of the tail-bud stage (text fig. 1) are never as large 
when compared with the normal as those which have just been 
described. When the girdle shown in figure 21, which is a typi- 
cal result of such a transplant, is compared with the normal 
girdle of the same larva (fig. 22), it is found to be only one-third 
as large. The difference in size of the implanted girdles in the 
two cases becomes expHcable when it is seen that in one case 
(fig. 21) only the central portion of the girdle rudiment is trans- 
planted with the limb mesoderm, while in the other (fig. 20) all, or 
nearly all, of the rudiment is included. 

4. DISCUSSION 

In the embryos of Amblystoma individual portions of the 
shoulder-girdle rudiment are determined at the stage when the 
limb tissue is present as a definite somatopleural thickening 
(stage 29). Experimental evidence has been advanced to show 
that after extirpation of any definite portions of the rudiment 
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only those components develop which are represented in unre- 
moved tissue. Simple limb-bud extirpations (Exp. A 4, p. 507) 
demonstrate localization of only the more distal portions of the 
rudiment, since in the absence of the central portion, which is 
removed along with the limb bud, isolated elements (supra- 
scapula and coracoid) of the gu*dle are formed. However, the 
formation of only the dorsal zone following complete removal of 
the rudiment of the ventral zone (Exp. A 5, p. 508) or just the 
opposite experiment (Exp. A 3, p. 506) offers pfoof that the cen- 
tral portion of the rudiment is also localized and that the ex- 
tirpation of any given portion does not incite restitution proc- 
esses in the unremoved parts. 

The system at this stage may be regarded as a mosaic of which 
the various parts may develop into later known components 
without influence of neighboring portions. Braus ('09, p. 268) 
also called the shoulder-girdle system of Bombinator a mosaic, 
but only in its normal situation. According to him, when a 
portion of its rudiment is transplanted to a new environment, 
the mosaic is lost and the implanted tissue acquires the capacity 
of reversing differentiation which had already appeared in the 
anlage, so that it is now able to form anew an entire girdle. 
Accordingly, transplantation incites restitution, and the system, 
which in its normal environment is a mosaic, in the new environ- 
ment becomes an equipotential one. 

Although Braus found that the shoulder girdles which de- 
veloped from implantations of only a portion of the rudiment 
were of reduced size (one-third to two-thirds the size of the 
normal), nevertheless, they were regarded by him as entire, 
just as complete individuals of reduced size are formed from 
isolated blastomeres in the cleavage stage of an egg or from 
fertihzed egg fragments. While the girdles which had developed 
at the implanted place were formed in all cases from the central 
portion of the rudiment, since it is this portion which is included 
with the limb cells, Braus nevertheless questioned whether there 
was any greater inherent capacity on the part of any portion of 
the anlage over any other in the process of restitution. Ac- 
cording to this idea, the entire structure might develop from 
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either the dorsal or ventral parts of the rudiments, yet no ex- 
periments were made to test the validity of this hypothesis. 

While Braus ('09, p. 27) claimed that this system in Bombina- 
tor is equipotential from stage 2, when the limb bud is very small, 
up to the time of chondrification of the humerus, it is clear from 
experiments described in this paper that silfch is not the case in 
Amblystoma. 

It has been shown, that when only the ventral portion of the 
rudiment was transplanted with the limb cells, only the corre- 
sponding zone of the girdle developed (figs. 15 and 32), just as 
when the dorsal half of the rudiment was transplanted with the 
limb cells, it developed into a girdle which was composed almost 
entirely of a dorsal zone (figs. 16 and 33). The presence of a 
very small portion of the ventral zone in these cases is no doubt 
due to the inclusion in the transplant of some of the cells which 
are to form the ventral zone, since it is diflScult to separate accu- 
rately the two halves of the rudiment. The failure, however, of 
these cells to form a complete ventral zone shows their lack of 
the potency to form this portion of the girdle. 

Although the girdle rudiment of Amblystoma, when trans- 
planted, may not be regarded as a perfect mosaic, since slightly 
more cartilage may form from portions of the rudiment than 
would have formed had they not been transplanted, yet it is 
obvious that it cannot be regarded as an equipotential system 
at the stage with which we are dealing. In a true equipotential 
system such as the limb rudiment, the extirpation of any portion 
does not lead to any definite defects in the components of the 
limb which develop from the imremoved portion of the rudi- 
ment. Even after extirpation of a half of the rudiment, normal 
limbs with all their cartilaginous and muscular elements may 
develop. The same thing is true when a half of the limb rudi- 
ment is transplanted. In this case two limbs of normal size 
and structure may develop, one from the transplant and the 
other from the unremoved half of the rudiment. 

Definite defects in the girdle resulting from removal of certain 
portions of its rudiment, as well as the formation of girdles with 
only dorsal or ventral halves resulting from the transplantation 
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of the corresponding portions of the rudiment, are sufficient 
evidence to show that the system cannot be regarded as being 
equipotential at the stage when the limb mesoderm is in the 
form of a definite limb bud. 

Experiments upon embryos in the stage of open medullary folds 
show that the girdle rudiment occupied a smaller area than in 
embryos of the tail-bud stage and that it was frequently entirely 
removed along with the limb cells so that no girdle developed. 
In other cases where it was not entirely removed a complete 
cartilaginous band was formed which, upon superficial examina- 
tion, resembled a normal girdle (fig. 18). This cannot be re- 
garded necessarily as a complete girdle, however, for it is lack- 
ing in certain components which tjrpify the normal structure. 
The central portion of a girdle of this type no doubt represents 
a hyperplastic growth of the more distal portions whose rudi- 
ments were not removed with the excised area, and the com- 
pleteness of this structure must be regarded as one of quantity 
rather than onie of quality. From the incompleteness of quaUty 
of a structure of this type, it is seen that even at the stage of 
open medullary folds the system is not capable of qualitative 
restitution. This is strengthened by the fact that in several 
cases the girdles which had developed from implanted meso- 
derm at this stage were composed of only the ventral zone, in- 
dicating that only the corresponding portion of the rudiment 
was transplanted. 

It has been shown that girdles which develop from trans- 
planted areas in stage 18 were considerably larger than those 
which formed from areas of equal size in stage 29 (compare figs. 
20 and 21). This condition might be used as a point in favor 
of equipotentiality of the system in the early stage, were it not 
known that in the former case all or nearly all of the rudiment 
was transplanted, while in the latter case only the central 
portion. 

Braus ('09, p. 277) claimed that, between his stage 2, when 
the limb bud first becomes visible, and the stage when chondrifi- 
cation of the humerus begins, an area of transplanted mesoderm 
taken from a younger embryo did not develop into a girdle any 
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larger than that which developed from the same sized area from 
an older embryo. As has already been shown, this is not the 
case in Amblystoma between the stage of open medullary folds 
and the tail-bud stage* These stages, however, are younger 
than any used by Braus. 

Variations, therefore, in the size of the implanted girdle are 
to be regarded as an expression of a greater or less amount of 
girdle rudiment having been included with the transplanted 
limb mesoderm. 

5. SUMMARY 

1. The separate parts of the shoulder-girdle rudiment of 
Amblystoma punctatmn are already determined at the stage 
when the limb rudiment is present as a definite thickening of 
the somatopleure (Stage 29). 

2. The removal of a definite portion of the rudiment brings 
about a defect in that portion of the girdle corresponding to the 
part removed. 

3. The extirpation of a given portion of the rudiment does not 
incite restitution processes in the unremoved parts. In the ab- 
sence of the central part of the girdle the gap may be bridged 
over by a hyperplastic development of those elements which are 
formed from the unremoved portions of the rudiment. 

4. The suprascapula develops 4n situ' from a separate rudi- 
ment, the extirpation of which has no effect on the development 
of the limb nor on the remainder of the girdle (Exp. A 1, fig. 24, 
and table 1). 

5. Complete extirpation of the third, fourth, and fifth somites, 
while having no effect on the musculature of the limb, does, 
however, produce marked defects on the ventro-lateral muscula- 
ture (Exp. A 2). These results corroborate those of Byrnes 
('98) and Lewis ('10). 

6. The central portion of the girdle rudiment is carried along 
in the transplantation of a typical limb bud (text fig. 1) and a 
girdle of about one-third the size of the normal develops at the 
place of implantation (fig. 21; cf. fig. 22). 

7. It is possible to initiate the development of a limb in 
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almost complete absence of the shoulder girdle by transplanting 
a small area of cells (text fig. 1, smaller of the two circles) from 
the dorsal half of a typical limb disc (fig. 31). This area is 
practically free from girdle-forming cells. 

8. Either the dorsal or ventral half of the girdle rudiment 
may be transplanted along with the corresponding portions of the 
limb rudiment. In such cases complete limbs develop from the 
transplanted portion of its rudiment, while only that portion 
of the girdle develops corresponding to the part of the rudiment 
which has been implanted (Exps. B 2, B 3, and figs. 32 and 33). 
These results demonstrate the non-equipotentiahty of the girdle 
system. 

9. The limb mesoderm is already determined in embryos in 
the stage of open medullary folds. The rudiment can be suc- 
cessfully extirpated and transplanted at this stage (tables 7 
and 8). 

10. In the absence of surface markings, the position of the 
limb mesoderm can be located quite accurately by covering the 
wound with ectoderm from an embryo, previously stained in a 
solution of Nile blue sulphate, and observing its relation to the 
later formed somites (text figs. 2 and 3). 

11. When typical limb buds the width of three and one-half 
somites in diameter (text fig. 1) are extirpated from embryos in 
the tail-bud stage, only the central portion of the girdle rudi- 
ment is included (Exp. A 4, fig. 10) ; but areas of equal size when 
extirpated from embryos in the stage of high medullary folds 
(text fig. 2) frequently include the entire girdle rudiment (fig. 17). 

12. Implanted girdles developing from areas of mesoderm, 
which are taken from embryos in the stage of open medullary 
folds, are considerably larger when compared with the normal 
than those which develop from areas of equal size taken from 
embryos in the tail-bud stage (cf. figs. 19, 20, 21 and 22). 

13. When double limbs arise from a transplanted rudiment, 
only one girdle is formed, which may have one or two shoulder 
joints, depending on whether or not the two members of the re- 
duplication are completely fused or partly separated at the base. 
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PLATES 

All of the figures in plates 1, 2, and 3 are microphotographs of transverse 
sections cut 10 fx in thickness and magnified 30 diameters. The larvae were 
fixed in sublimate-acetic killing fluid and the sections stained with Ehrlich's 
haematoxylin and Congo-red. All operations were made on the right side 
which, in the figures, appears as the left. 

ABBREVIATIONS 

coTy coracoid 

g.c, glenoid cavity p.coT^ procoracoid 

Awm, humerus pn, pronephros 

m.dscj muse, dorsalis scapulae sc, scapula 

m.spCf muse, supra coracoideus s.sc^ suprascapula 

my, myotome vim, ventro-lateral musculature 
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PLATE 1 

EXPLANATION OF FIGURES 

Fig. 6 A section through the shoulder girdle of a normal larva twenty-five 
days after the closure of the medullary folds. 

Fig. 7 A section through the glenoid cavity and the coracoid portion of^the 
girdle of a normal larva. 

Fig. 8 A section through the shoulder region of individual Ba. 13, showing 
the effect on the girdle of the entire removal of the third, fourth, and fifth 
somites. 

Fig. 9 A section through the shoulder girdle of individual E. 2 developed in 
the absence of the rudiments of the suprascapula, scapula, and the limb (a-e X 
1-5, text fig. 1). 

Fig. 10 A section through the shoulder region of individual H. 2 showing the 
absence of the central part of the girdle, the rudiment of which is removed in the 
extirpation of a typical limb bud (text fig. 1). 

Fig. 11 A section through the shoulder girdle of individual Ext. Gr. C. 19 
which developed after the removal of the rudiments of the ventral zone (a-e X 
4-8, text fig. 1). 
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PLATE 2 

EXPLANATION OF FIGURES 

Fig. 12 A section {hrough the shoulder region of individual Ext. Gr. C. 19 
slightly posterior to that ^hown in figure 11, showing the absence of the glenoid 
cavity and the ventral zone of the girdle (compare with fig. 7). 

Fig. 13 A section through the shoulder region of individual Ext. Gr. C. 25, 
showing the development of the suprascapula after the rudiments of all other 
parts of the girdle had been removed (a-e X 3-8, text fig. 1), 

Fig. 14 A section of individual S. B. 2, showing the presence of only a very 
fragmentary portion of the girdle which developed, along with the limb, from 
the transplantation of a small area of cells taken from the^ dorsal portion of the 
limb disc of another embryo (text fig. 1, smaller of the two circles). 

Fig. 15 A section of individual Tr. 2/v 10, showing the girdle which developed 
in a heterotopic position from the transplantation, along with a portion of the 
limb mesoderm, of the ventral half of the girdle rudiment (a-e X 4-8, text 

fig. 1). 

Fig. 16 A section of individual Tr. d/2 4, showing the shoulder girdle which 
developed in a heterotopic position from the transplantation of the dorsal half 
of the girdle rudiment along with a corresponding portion of the limb mesoderm 
(a-e X 1-4, text fig. 1). 

Fig. 17 A section from the shoulder region of individual E. Tr. Ext. 12 show- 
ing complete absence of the girdle, the rudiment of which was removed along 
with the limb mesoderm from the embr>'o in the stage of open medullary folds 
(text fig. 2). 
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PLATE 3 

EXPLANATION OP FIGURES 

Fig. 18 A section through the girdle of individual Ca. 6 developed in the 
absence of the limb and the central portion of the girdle rudiment. 

Fig. 19 A section through the normal girdle of individual D 29. 

Fig. 20 A section from individual D 29 showing the girdle which developed 
in a heterotopic position from the implantation, along with the limb mesoderm, 
of the girdle rudiment from an embryo in the stage of open medullary folds. 

Fig. 21 A section through the implanted girdle of individual Tr. Ext.'lM 
developed from the central portion of the rudiment which was transplanted, 
along with the limb rudiment from an embryo in the tail-bud stage. ^ 

Fig. 22 A section through the normal shoulder girdle of individual Tr. Ext- 
154. 
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PLATE 4 

KXPLANATIOX OF FIGURES 

All of the figures are photographs of blotting paper reconstruction models of 
the shoulder girdle. The models were made at a magnification of 100 diameters 
and reduced one-half for publication. 

Fig. 23 Model of the left normal shoulder girdle of individual Ba. 13. 

Fig. 24 Model of the right shoulder girdle of individual R. 4 which devel- 
oped in the absence of the suprascapula rudiment. 

Fig. 25 Model of the right shoulder girdle of individual Ba. 13 developed in 
the absence of the third, fourth, and fifth somites. 

¥ifr. 26 Model of the right shoulder girdle of individual E. 2 developed in 
the absence of the rudiments of the suprascapula, scapula and the limb (compare 
with fig. 9). 

Fig. 27 Model of the right shoulder girdle of individual H. 5 developed in the 
absence of the central portion of the rudiment which was removed along with 
the limb bud (compare with fig. 10). 

Fig. 28 Model of the implanted girdle of individual Tr. Ext. 154 developed 
from the central portion of the rudiment which was transplanted along with 
ii typical limb disc (compare with fig. 21). 

Fig. 29 Model of the right shoulder girdle of individual Ext. Gr. C. 13 de- 
veloped in the absence of the rudiment of the ventral zone (compare with figs. 
11 and 12). 

Fig. 30 Model of the right suprascapula of individual Ext. Gr. C. 25 de- 
veloped in the absence of the limb and the remainder of the girdle (compare with 
fig. 13). 

Fig. 31 Model showing a very fragmentary girdle which developed, along 
with the limb, from the implantation of a small area of cells taken from the 
dorsal portion of the limb disc (compare with fig. 14). 

Fig. 32 Model of an implanted girdle from individual Tr. 2/v 10 which de- 
veloped in a heterotopic position from the transplantation of the ventral zone 
of the girdle rudiment (compare with fig. 15). 

Fig. 33 Model of an implanted girdle from individual Tr. d/2 4 which de- 
veloped from the transplantation, along with the dorsal portion of the limb 
mesoderm, of the dorsal zone of the girdle rudiment (compare with fig. 16). 
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166 (1344) 

Production of transplantable growth. 
By Rhoda Erdmahh 

[From the Osbom Zodlogical Laboratory, Yale UnioersUy.] 

After analyzing the known numerous theories on the origin 
of abnormal growth and especially of malignant growth, which 
have been devised either with or without reference to facts, it seems 
possible to concentrate the apparently necessary postulates for the 
successful origin of abnormal growth to the following conditions 
which cover all important theories on the subject. This presence 
of a cell group in an indifferent stage of growth, the dissociation of 
this cell group from its surrounding and its change from the 
indifferent stage of growth to a stage of proliferation, the in- 
flammation of the connective tissue, neighboring this cell group, 
and a changed metabolism of the cells, in which this cell penetrates 
and which it destroys. Supposed these conditions are true to 
actual facts it must be possible to produce experimentally these 
factors either in various sequence or all at once and observe results. 

I. Embryonic tissue of the chicken heart, after twelve days, 
incubation, was cultivated in a plasma medium for three days, 
and three i mm. square pieces implanted subcutaneously into a 
chicken. The implants produced after ten days small protuber- 
ances. Sections show cyst formation, caused by the isolation of 
the epidermis above the implants and inflammatory proliferation 
of the connective tissue of the host. Cyst formation, destruction 
of the feather follicles and accessory apparatus of the feather after 
previous isolation of the feather-forming complexes are visible. 
The implanted embryonic heart-musde tissue which is surrounded 
by lymphoc3rtes and newly formed connective tissue cells shows no 
considerable development. Protuberances produced in the same 
manner disappear after three weeks, as was to be expected. 

II. The size of such a growth can be enlarged by a few 
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injections of a growth-promoting substance, i. e., tetheline, into the 
protuberance itself. The growth treated with tetheline is three 
times as big as its untreated neighbor. Sections show the implant, 
bordering on the unchanged skin, closely connected with it by 
newly formed tissue. The embryonic heart-muscle tissue par- 
ticles are visible after 10 days. Newly formed connective tissue 
penetrates into the subcutaneous connective tissue of the host. 
The implant is vascularized by the blood vessels of the chicken. 
In the skin above the implant, the previously described disarrange- 
ment of the epidermal parts and the feather follicles has also taken 
place. But though these growths often reach the size of a hazel- 
nut, they are finally resorbed. 

III. The diet of the host, in which the prepared tissue particle 
was going to be implanted, was now changed from mixed diet to 
a vitamine-restricted diet. Chickens were fed with com gluten 
meal and the same implantation performed. Breasts of chickens 
of the same age, but fed on different diet, showed a marked dif- 
ference in the development of the breast muscles which are nearly 
atrophied in chickens on vitamine-restricted diet. Protuberance 
appeared after implantation in the same manner, as in birds fed 
with mixed food. After twenty-four days half of a protuberance 
was extracted and sectioned. The destruction processes in the skin 
are nearly finished, all feather follicles are destroyed, and it could 
be seen during the extraction that the tissue of the growth had 
penetrated into the underlying tissue of the host. The remaining 
half of the protuberance gradually disappeared and in its stead 
a tumor-like growth appeared. It was partially extracted 
eight weeks after the original implantation, the chicken dying 
three days after this operation. Horizontal and transverse sec- 
tions show the penetration of ^fibrous connective tissue into the 
striped muscles, their compression and destruction, together with 
compressed blood vessels and blood sinuses. Where these pro- 
cesses are finished muscular tissue and fibrous connective tissue 
of surprising structure appear. The hard tumor shows macro- 
scopically deep pockets in which we see the destroyed blood 
vessels and muscles; they seem to be filled with brown detritus. 
Part of this original growth could be successfully grafted on 
chickens on vitamine-restricted diet. The fourth generation after 
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thirteen days' growth from February 12 to 25, 1918, showed the 
character of the original growth, especially the capacity to pene- 
trate into the underlying tissues and to destroy them. 

I will not omit to point out that the growth described here 
did not show bacterial contamination. The possible objection, 
that this growth which is very similar to those described by Rous,^ 
1910, a and b, and Rous and Lange,* 1913 (compare^iOa, Fig. 5, 
19105, Figs. 2 and 3, and 1913, Fig. 7) might be a "spontaneous 
growth," I will refute immediately by saying that the repetition 
of this series of experiments on a larger scale was successful. 
Only in two of twelve chickens, which had received (i) implanta- 
tion of heart tissue, (2) tetheline injections into the implant, (3) 
vitamine-restricted diet, growths were produced, the other ten 
in which one or two different factors are lacking, showed no pro- 
tuberance formation. 

The produced growth, the genesis of which I have outlined, 
seems to be a connective tissue growth. It is infiltrable, destruc- 
tive and transplantable. Further cytological investigation, espe- 
cially the solution of the question, whether the implanted embry- 
onic tissue cells are really forming by their descendants part of the 
growth, will be necessary to name this transplantable growth 
correctly. 

A detailed description of this growth and two others, together 
with their descendants, will appear later. 

1 Rous, Jour, Exp, Medicina, 1910, p. 285 and p. 397. 
s Rous and Lange, ibidem^ 1913, p. 651. 
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EXPERIMENTS ON THE DEVELOPMENT OF THE 

FORE LIMB OF AMBLYSTOMA, A SELF-DIFFER- 

ENTIATING EQUIPOTENTIAL SYSTEM 

ROSS G. HARRISON 
Oabom Zodlogical Laboratory , Yale University 

FORTY -FIVE nOURES 

Since Balfour's (78) discovery of muscle buds in the develop- 
ing fins of elasmobranchs the composite nature of the vertebrate 
limb has been emphasized. In the lower forms at least five 
different embryonal tissues are involved in its make-up, and 
these recur in part metamerically. Primarily there is a local 
thickening of the somatopleure which gives rise to the main 
bulk of the limb — the skeleton and other connective-tissue ele- 
ments. This is covered over by ectoderm which in that region 
shows distinct modification. Into the mesenchymal mass de- 
rived from the somatopleure the muscle buds, blood vessels and 
nerves grow sooner or later from the trunk of the embryo. 

Some years ago it was pointed out (Harrison, '95) that the 
various fins of the salmon form a distinct series as regards orig- 
inal visible complexity, beginning with the median fins where 
metameric muscle buds are clearly formed, as in the elasmo- 
branchs, and ending with the pectoral fin, which receives no 
muscle buds. Here the proliferation of the somatopleure forms a 
blastema which gives rise to the muscles as well as to the skeletal 
elements.^ As compared with the primitive elasmobranch fin, the 
pectoral fin is thus a more compact and unified organ at the time 
of its origin, and this is true in even higher degree for both ex- 
tremities in the Amphibia. Probably also the limbs of the 

^ Derjugin ('08) has described what purport to be muscle buds in the pectoral 
fins of Exocoetus volitans. In view of the differences in the fins of a single species, 
Salmo salar, it would not be strange, were specific differences of this kind to be 
found in the pectoral fin of various bony fishes. 
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Amniota, with possible exceptions among the Reptilia (van 
Bemmelen, '89, MoUier, '95) develop according to the latter 
type. 

The first experimental work aiming at an analysis of these 
factors was done by Byrnes ('98 a), who found that the normal 
development of the posterior extremity in both Amblystoma 
and Rana is independent of the presence of the muscle plates of 
the limb region. More recently this same point has been dem- 
onstrated with greater precision by Lewis ('10), who has showTi 
that while extirpation of muscle plates in the limb region of 
Amblystoma produces very definite defects in the lateral and 
ventral musculature, it has no effect upon the development of 
the limb itself. , 

It was found by Langnecker (Harrison, '04) that the develop- 
ment of the skeletal and muscular elements of the limbs of the 
frog would take place even when the nerves of the limb were 
excluded by operation on the embryo. This was afterwards 
confirmed by Braus C05), using different methods of experi- 
mentation.^ 

There remain, then, as possible factors determining the dif- 
ferentiatipn of the limb bud from the body wall in general, a) 
the potencies of the ectoderm cells of the region; 6) the potencies 
of the somatopleuric mesoderm cells, and c) the position of these 
elements with respect to the organism as a whole, or perhaps 
better with respect to its immediate surroundings, including, in 
the case of the fore limb, the pronephros and the branchial 
region,^ which have close topographical relations to the limb 
rudiment. The blood vessels are not included in this enumera- 
tion, for while it is obvious that they are necessary for the nour- 
ishment and growth of the limb, no specific action on their part 
can be assumed. Braus ('03, '04, '09) found that the limb bud 
of the anuran larva constitutes a self-dififerentiating system 

2 Braus ('06 a) also showed that in the elasmobranch fin certain skeletal ele- 
ments, the cartilaginous rays, would develop independently of the muscle buds. 

* Braus has suggested ('06 b, p. 545), on the basis of experiments upon Rana 
embryos, that the gill region may exert a formative influence upon the regene- 
ration of the fore limb, though no evidence is adduced to show whether this region 
has an influence upon the normal development of the limb. 
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which develops into a normal limb when transplanted to new 
and strange surromidings. This important discovery, which was 
confirmed independently by Banchi ('04, '05) and later by the 
present writer ('07) shows that once the development of the 
limb has started, its position in the organism as a whole does 
not affect its specific character. 

The experiments taken up in the present paper, which deal 
with the fore limb of the urodele embryo, are designed to apply 
the tests of self-differentiation to a much earlier period of develop- 
ment. Considering for the present only those stages with 
closed medullary folds, the experiments show that the immedi- 
ate organic environment of the Umb rudiment, even before vis- 
ible differentiation sets in, has no specific influence in deter- 
mining that a limb shall develop, though it may affect the pos- 
ture and laterality of the limb that does arise (Harrison, '15, '17). 
The essential process of differentiation, whereby the potency to 
form a fore limb becomes localized in certain celts of the body 
wall, must therefore be relegated to very early embryonic life.* 
It is further shown that in the stages under consideration this 
potency is locaUzed in the mesoderm of the region involved, the 
ectoderm remaining indifferent. 

The object of the experiments, aside from their purpose in 
further analyzing the factors taking part in the formation of the 
vertebrate limb, was to study certain relations which have a 
direct practical bearing upon the experiments on the lateraUty 
of limbs to be described later. An effort has been made to de- 
termine precisely the extent of the hmb rudiment in the stages 
used for operation. In addition, the question of the equipoten- 
tiality of the elements composing the limb rudiment has been 
investigated both by defect experiments and by transplantation. 

In interpreting defect experiments there is always a serious 
source of error in the occurrence of processes of regeneration or 
regulation, whereby elements which do not normally give rise 
to the part which has been removed may do so vicariously 
under the changed conditions. Such processes are known to 
occur in connection with experiments upon the limbs and must 

* Before the formation of the medullary folds according to Detwiler ('18). 
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therefore be taken into consideration. For instance, Miss 
Bjrmes ('98 b), working with Rana embryos, found that if the 
region in which the hind limb develops is destroyed, a Umb 
nevertheless develops out of the tissues that move in from the 
periphery and cover the wound. Braus ('06 b) foimd, however, 
that in Bombinator, as well as in Rana, the hind-Umb region is 
much more capable of this kind of regeneration than is the fore- 
limb region.* In the case of the latter, as Braus C09) shows, it is 
only the shoulder girdle and some of the muscles that are formed 
after removal of the limb bud, unless the operation is done at a 
comparatively early stage, in which case regeneration of the 
whole extremity may take place. When the limb bud is itself 
transplanted it gives rise to a small shoulder girdle with some 
of the muscles in addition to the free appendage, so that in 
such an experiment certain muscles and skeletal elements de- 
velop only at the seat of origin of the bud, certain others develop 
only out of the transplanted bud itself, while again others de- 
velop in both places. The same has been foimd true in many 
cases in the course of the present work upon Amblystoma. 
Under certain conditions, however, the whole limb may be re- 
generated after removal of the bud, two complete limbs being 
thus derived from the single Umb rudiment. The size of the 
extirpated region of body wall and the completeness with which 
all mesoderm cells within that region are removed have been 
foimd to be important factors in determining whether complete 
regeneration takes place or not. 

In connection with the dupUcated development of the shoulder 
girdle in its original position and at the seat of implantation, 
Braus has treated in full the question of mosaic development vs. 
equipotentiaUty.* He reaches the conclusion that in the Anura 
the shoulder girdle constitutes an equipotential restitution sys- 
tem, though in its original surroundings there is evidence of 
localization of materials before visible diflferentiation sets in. 
The results recorded in the present paper agree as to the main 

• In R. esculenta, according to Braus ('09, footnote, p. 194), the power of re- 
generation is greater than in Bombinator. 

• Braus, '09, p. 271, et seq. 
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facts with those of Brans, though they leave uncertamty as to 
whether in Amblystoma there is complete qualitative restitution 
of the shoulder girdle in either place.' Whichever view may be 
accepted for the shoulder girdle, all of the evidence accumulated 
here goes to show that the free extremity, while self-differenti- 
ating, must be considered as an equipotential system in Driesch's 
sense.* 

MATERIAL, METHODS AND NORMAL DEVELOPMENT 

All the experiments have been made upon embryos of Ambly- 
stoma punctatum in stages ranging between those shown in 
figures 1 and 3. This species offers great advantages over the 
anurans, which have been largely used in previous experi- 
ments upon the limbs. The fore-limb rudiment develops very 
early and rapidly, and may be located with precision shortly 
after the medullary folds close, before the embryo can mov^, 
and before blood vessels or nerves have developed. Experi- 
ments can, therefore, be carried out without anaesthesia, and 
the different tissues or embryonic organs can be easily separated 
from one another. The absence of a closed operculum, which 
in the anurans covers up the fore limb, is also a great advantage 
in that it permits the study of the progress of the experiment 
on the living individual, which may be examined from day to 
day without diflSculty. 

The technique of the surgery of the Amphibian embryo is 
now so well known that no general description is required here. 
The special operations used in the present investigation will be 
described as far as needed in the separate sections. 

In the earUest stages at which operations were done the limb 
rudiment cannot be distinguished by any definite characteristic 
save its location. In the stage with beginning tail bud (fig. 1, 
stage 25*) the pronephric swelUng becomes visible and the muscle 

' A more complete analysis of the case is given by Detwiler ('18) . 

« Driesch, '99, '05, p. 679. 

* In the absence of a set of 'normal plates' of Amblystoma, a series of stages 
have been designated arbitrarily and type specimens preserved. In course of 
time, if the necessary drawings can be prepared, it is hoped that they may be 
published. 
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plates may be observed through the skin. Though there is no 
distinct Umb bud present, the region centering in the fourth s^- 
ment just ventral to the pronephros contains the material that 
will give rise to the limb. A Uttle later, in the standard operat- 
ing stage when the tail bud is more marked (fig. 2, stage 29), 
sections show that the somatopleure ventral to the pronephros 
is thickened. Still we can scarcely speak of a 'limb bud' on the 






Figs. 1 to 3 Embryos of Amblystoma punctatum in the stages used for op- 
eration. X 10. A^ Df Py Vf mark the four cardinal points (anterior, dorsal, 
posterior, ventral) of the limb bud (LB); MYS, third myotome; PN^ pro- 
nephros. Figure 1. Earliest stage (stage 25). Figure 2. Standard operating 
stage (stage 29). Figure 3. Oldest stage (stage 33). 



smiace of the embryo, for the pronephric tubules are the chief 
cause of the swelling in that region, the somatopleural thickening 
merely serving to round it out on the ventral side. After this 
period the somatopleural proliferation increases, making the 
prominence on the side of the embryo more distinct (fig. 3, stage 
33), but it is not until several days later that the extremity 
itself appears on the surface as a more sharp elevation in the 
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region of the fourth somite ventral and somewhat caudal to the 
pronephros.^® 

The limb bud on its first appearance is a nodule about one and 
a half somites in diameter, and is almost radially symmetrical. 
It soon acquires greater convexity on its dorso-posterior border 
(fig. 4), and may be said to ^ point' in that direction, though 
the surface is rounded all over. From this period on growth is 
rapid. The direction of 'pointing' becomes more marked and 
the tip of the bud frees itself from the body wall, the axis of the 
limb making an angle of SO^'-SS^ with that of the body when 
viewed from above, and pointing dorsally at about the same angle 
to the horizontal. The bud elongates into cylindrical form, being 
attached to the body wall obUquely at its base. During this proc- 
ess the axis of the limb is bent more nearly parallel to the median 
plane (figs. 5 and 6). As the bending proceeds the distal part 
of the limb becomes flattened in a plane about 45° to vertical^ 
the dorsal border being nearest the body. A little later the first 
trace of the digitations appears at the extreme tip of the limb, 
which becomes more squarish and then slightly concave, the 
depression representing the notch between the first two digits 
(fig. 7). The digits elongate rapidly, as does the whole limb, 
but the joints are at this time UQt very distinct. While the notch 
between the fingers is still shallow, the dorsal border of the limb 
becomes distinctly convex, and at the same time the hand is so 
twisted as to lie in a vertical instead of an oblique plane. The 
latter change is in reality partial pronation. The more lateral, 
which is morphologically the preaxial (radial) border, becomes 
ventral, the pollex lying on this side. The hand broadens out 
and the fore arm becomes somewhat flattened also. The elbow 
joint is now slightly flexed towards the ventral side (fig. 8). Up 
to this point the limb has no motihty, the changes which have been 
described being due to growth and not to muscular action. 

10 The description of the normal development is given here merely for con- 
venience, and only those phases which concern the experiments are considered. 
The subject is fully treated in papers by Gotte (79), Strasser (79), Rabl ('01), 
with especial emphasis on external form and skeleton. Miss Byrnes ('98 a) has 
described the relation of the limb bud to the body wall and myotoYnes in the 
early stages. 
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The third and fourth digits appear successively on the ubiar 
(dorsal) border of the hand, first as nodules which slowly elon- 




9 • e> 

Figs. 4 to 9 Normal embryos of A. punctatum, showing form and posture of 
the developing fore limb. Description in text. X 10. 

gate, the fourth being considerably behind the third in its de- 
velopment (fig. 9). Viewed from above, the arm at this time is 
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seen to be bowed toward the body. Further changes in the 
form of the Umb are concerned largely with the lengthening of 
the various segments, notably the digits, and the more distinct 
demarcation of the arm, fore arm, and manus. 

Rotation takes place at the shoulder, the arm pointing more 
laterally and ventrally, so that the tip of the first digit rests on 
the bottom. Further rotation at this joint, coupled with flexion 
at the elbow, brings the manus much further forward beneath 
the gills, and the animal now rests upon two digits of each limb. 
The balancers, which serve to support the larva on its belly, 
are not lost till this stage is reached. The first muscular move- 
ments take place at the shoulder before this period, and later, 
movement at the elbow and wrist joints begins; the limb is then 
used in crawling, the positions just described being those of 
normal rest. These changes are completed just about the time 
the yolk is entirely gone and the larva begins to feed. 

SIMPLE EXTIRPATION OF THE LIMB BUD 
Mode of operation 

The first experiment which will be considered consisted in the 
simple extirpation of the body wall of the limb region. To per- 
form this operation the scissors are inserted through the outer 
layers of the embryo at the anterior (cephalic) border of the re- 
gion to be removed and then the embryo is turned while a cir- 
cular incision of the desired size is cut. The part of the body 
wall thus isolated may be readily lifted from the underlying 
tissue and removed in entirety. Care has to be taken at the 
upper border of the wound to disengage the limb rudiment from 
the pronephros, if the latter is to be saved intact. When the 
limb disc is lifted, both somatopleure and splanchnopleure come 
away with the overlying ectoderm, since the mesoderm has not 
split at that time. The operations were mostly done in the 
stage shown in figure 2, though the age of the embryos used 
varied from the stage shown in figure 1 to that in figure 3. No 
difference in the results, which may be ascribed to the difference 
in age within these limits, has as yet been noted. In the younger 
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specimens the layers of the embryo are more readily separated, 
though in the older ones the tissues are of a firmer consistency 
and can be handled more satisfactorily. 

After the disc is excised the wound at first gapes, but a few 
minutes later it contracts. Then in the course of the next 
twenty-four or forty-eight hours the ectoderm stretches itself 
over the wound bed and covers it entirely. There is much 
variation in the time required to complete this process, and in 
some cases the wound has been found still partly open four 
days after the operation. Sections show that the wound is first 
covered by ectoderm and that the mesoderm creeps in soon after 
between that layer and the yolk. 

The first problem is to determine whether by an operation of 
this kind the development of the limb can be prevented, and, if 
so, how the size of the wound alBFects the outcome of the experi- 
ment. Two kinds of operations were done. In the first the limb 
disc was simply lifted and the wound left without fm^ther treat- 
ment. In the second the wound bed was afterwards carefully 
cleaned of all mesoderm cells. In some cases of each kind the 
pronephros was left intact and in others it was removed. Ex- 
tirpation of this organ facihtates the cleaning of the wound, but 
since many cases of non-regeneration with intact pronephros 
occurred as well as some cases of regeneration without its pres- 
ence, its influence, if any, upon the development of the limb 
miist be unessential. 

Relation of regeneration to size of wound and completeness of 
removal of mesoderm 

The smallest wounds were three somites in diameter, encom- 
passing in all but two cases the region ventral to myotomes 3, 
4, and 5. In the two exceptional cases the woimd, which was 
not cleaned, included the area below somites 4, 5, and 6; one of 
these regenerated and one died. The largest were 4^ somites 
in diameter, extending from the boimdary between the second 
and third to the vertical line dividing the seventh myotome in 
half. 
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TABLE 1 

Showing results of extirpation of circular areas of body wall of given diameter; 

wound not covered 





WOUND NOT CLBANBD 


WOUND CLBANBD 


DIAMBTBB OP 
SXTIRPATBD ABBA 


1^ 


*1I 
If 

1 M 


i 

s-g 

|1 


Total 


n 


c3 


ji 


4 
|1 


Total 




Not recorded... 

3 somites 

3} somites. 

3} somites 

4 somites 

4i somites 


11 

19 

1 

111 

14 
2 


10 

1 



23 

2 




4 
4 

81 
2 



26 (21) 
24 (20) 

1 (1) 
215 (134) 

18 (16) 

2 (2) 


52.4 
95.0 

82.8 
87.5 



13 
1 
3 
2 



12 


18 

3 


1 

9 



11 

13 


1 (0) 
34 (25) 

1 (1) 
32 (21) 
18 (5) 


62.0 
14.3 


Total 


158 


36 


91 


285 (194) 


81.4 


19 


33 


34 


86 (52) 


36.6 



* In calculating the percentages the number surviving and not the whole 
numbers of operations has been used. Percentages are given only in those 
classes where the number of cases is sufficiently large to be of significance. 

The standard wound, which was made in the largest number , 
of cases, was 3| somites in diameter, including the area ventral 
to the third, fourth, fifth, and half of the sixth myotomes. The 
wounds of four segments in diameter took in usually the region 
extending from the third to the sixth somites, inclusive, though 
in one case the place of the wound was shifted one segment, 
and in ten other cases a half segment toward the head, thus 
including in the latter that portion of the body wall between 
the posterior half of the second somite and the anterior half 
of the sixth inclusive. 

As shown in table 1, the result of the experiment depends in 
a certain measure both upon the size of the extirpated area and 
the completeness of the removal of tissue. Taking all of the 
experiments without reference to size, 81.4 per cent of the cases 
with ordinary wound regenerated limbs while only 36.5 with 
cleaned wounds did so. In both sets of experiments, increase in 
the size of the woimd over three somites considerably reduces the 
proportion of regenerated limbs. High mortality of the large 
clean-wound class has considerably diminished the number of 
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cases of this kind available. In these cases the healing is 
usually very slow. The yolk, being long exposed, begins to 
disintegrate after a time, and the embryo rarely recovers if 
this process sets in. It is possible that when a few mesoderm 
cells are left in, they cover the yolk and f acihtate the overgrowth 
of the ectoderm. 

Although the regenerative capacity is dependent to some 
extent on the size of the wound, there are experiments with 
wounds of each of the several sizes in which no regeneration 
took place. Within the limits of these operations it is there- 
fore impossible to say that wounds beyond a certain size pre- 
clude regeneration altogether. This can only be said of those 
cases in which the wound is covered with indifferent skin, as 
described in another section (p. 432). 

It is reasonably certain from a study of the normal develop- 
ment that the cells which ordinarily give rise to the Umb bud 
take origin in the region below the f om^th and the neighboring 
parts of the third and fifth somites. In this region, as the limb 
bud becQmes more prominent, numerous mitoses are found, 
while the rest of the somatopleure is almost devoid of dividing 
cells. In those cases in which the region corresponding to the 
whole of these three somites, or even more, is removed the cells 
which give rise to the regenerated appendage are, therefore, 
probably such as in normal development do not participate in 
its development. Miss Byrnes ('98) has emphasized this in 
her paper on the hind limbs of Rana. 

ReUUion of regeneration to age of embryo at time of operation 

There seems to be no definite correlation between the age of the 
embryo at the time of operation and the occurrence of regenera- 
tion. The tabulation here given (Table 2 a), which includes both 
covered and uncovered wounds shows that when cases are re- 
corded in significant numbers, both positive and negative results 
are obtained after operation in both older and younger stages. 

The number of cases operated in the extreme stages is small 
and no statistical value can be placed upon the figures there. 
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TABLE 2x 
Showing frequency of regeneration after operations in the several stages 





WOUND NOT CLEANKO 


WOUND CLBANBD 


ALL KXPERIMBNTS COMBINED 


8TA0B 


Cases 
refen- 
erated 


Cases 
not 
regen- 
erated 


Per 
cent 
regen- 
erated 


Cases 
regen- 
erated 


Cases 
not 
regen- 
erated 


Per 
cent 
regen- 
erated 


Dead 
or dis- 
carded 


Total cases 


Per 
cent 
regen- 
erated 


25 
26 
27 
28 
29 
30 
31 
32 
33 
Miscellaneous* 


4 

3 

8 

20 

65 

26 

12 

4 

14 

4 




2 


12 
5 
3 
4 

10 
6 


80.0 
100.0 
84.4 
83.9 
80.0 

58.3 



2 
3 
2 
10 
5 
2 
2 
1 



1 

3 

11 

11 

25 

9 

3 





2 


21.4 
15.4 
28.6 
35.7 


2 



4 

20 

41 

28 

28 

4 

4 

6 


7 (5) 

8 (8) 

28 (24) 
53 (33) 

153 (112) 
73 (45) 
48 (20) 
14 (10) 

29 (25) 
17 (11) 


45.8 
66.7 
66.1 
68.9 
70.0 
60.0 
60.0 


Total 


160 


41 




27 


65 




137 


430 (293) 









* Stage not recorded or else outside above limits. 

TABLE 2b 
Shovoing frequency Of regeneration after operation in the younger and older groups 

of stages f respectively 





WOUND NOT CLBANBD 


WOUND CLBANBD 


ALL BXPBBIMBNTB 
COMBINED 


srAOS 


Cases 
regen- 
erated 


Cases 
not 
regen- 
erated 


Per 

cent 
regen- 
erated 


Cases 

regen- 
erated 


Cases 
not 
regen- 
erated 


Per 
cent 
regen- 
erated 


Cases 
regen- 
erated 


Cases 
not 
regen- 
erated 


Per 
cent 
regen- 
erated 


Stage 29 or under. . . 
Over stage 29 


100 
56 


14 
22 


87.7 
71.8 


17 
10 


51 
12 


25.0 
45.5 


117 
66 


65 
34 


54.3 
66.0 



One point stands out, however, which may possibly be of sig- 
nificance, though no altogether satisfactory explanation is ap- 
parent. In the group with wounds not cleaned a higher per- 
centage of regenerating cases is found among those operated 
in the younger stages, while in the group with cleaned wounds 
the higher percentage is at the opposite end of the series. This is 
. brought out more clearly when the experiments are divided 
into but two classes, comprising respectively the cases operated 
when older than the standard operating stage and those in or 
below it (Table 2 b). The lower percentage of regeneration in 
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TABLES 
Shomng time factor far regeneration in the different claeees of experiments 
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Not cleaned 


158 


6.8 


2.8 


21 


4 


10 


Cleaned 


19 


9.2 


5.4 


7 


2 


15 


Wound covered: 




Not cleaned 


2 


13.5* 


2.5* 


1 


1 


4 


Cleaned 


8 


9.4 


6.0 


3 


1 


11 







* The figures in this class have no significance since in one of the two cases 
no observation was recorded between the fourth and the twenty-third day.' 

the older embryos in the not-cleaned series may be due to the 
fact that the limb bud can be lifted out more cleanly than in 
the younger stages, so that after-cleaning is less needed. The 
higher percentage of regeneration after operations in the older 
stages in the cases with cleaned wounds remains, however, 
anomalous. 

Delay in development after exHrpoMon 

Removal of the limb rudiment, if it does not arrest develop- 
ment entirely, naturally retards it to a considerable d^ree, 
the delay being on the average greater in the case of the cleaned 
wounds than in the others (Table 3). In a few cases outward 
signs of regeneration were noted fis early as four days after oper- 
ation, though usually not until later. Since it was not practica- 
ble to observe the embryos each day, it cannot be stated ex- 
actly when regeneration did begin in each case. One hundred 
and fifty-eight cases with ordinary wounds show that the re- 
generating hmb was first noted on the average 6.8 days after 
the operation, the last previous observation having been made 
on the average at 2.8 days. In the case of the cleaned wounds, 
the first observation of regeneration averaged 9.2 days after 
operation, the last previous observation having been at 5.4 
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days. This is an average of nineteen cases. Daily observa- 
tion would undoubtedly have revealed a greater difference be- 
tween the two classes of cases in time of appearanec of the re- 
generating limb bud. In a total of 177 cases there are but 
twenty-eight in which regeneration was first noted as late as 
ten days after the operation, and but six when the period was 
fifteen days or over. In only four of the twenty-eight cases 
was the last previous observation made as late as ten days after 
the operation, and only once was a negative observation, with 
subsequent regeneration, recorded as late as fifteen days. It 
is safe to conclude, then, that when regeneration has not be- 
come visible from the outside two weeks after the operation 
it will not occur at all. Nearly all of the cases have been kept 
alive at least three weeks, many for four, and some as long as 
twelve (fig. 14), and no instances of regeneration in the later 
periods of development have been observed. 

The experiments described in this section show that it is 
not possible to prevent the regeneration of the fore limb with 
certainty when the wound is left uncovered, even if the circular 
area extirpated has a diameter of 4 somites. It may be said 
in general, however, that the larger the area removed and the 
more carefully the wound is cleaned of mesoderm the less likely 
will regeneration occur. This can only mean that the meso- 
derm cells of the region surrounding the limb bud have, in a 
gradually diminishing degree as the distance from the limb 
increases, the potency to form a limb. Their prospective po- 
tency is, therefore, greater than their prospective significance. 
Regeneration, when it takes place, is usually perfect, though 
subject to delay in a varying degree. 

The process of regeneration , 

The actual process of regeoieration has not been followed in 
detail, though some observations may be recorded here. 

The earliest case (R. E. 127-) which need be considered was 
preserved six days after extirpation of the limb rudiment. 
The regenerating limb appears on the surface (fig. 10) as a 
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small nodule ventral and posterior to the pronephros. In sec- 
tions it is seen to consist of closely packed cells which have 
approximately the same yolk content as those of the normal limb 
on the opposite side and which show numerous mitoses. This 
indicates that after the defect is covered up by inwandering 
of peripheral cells (p. 422), the process of regeneration, like the 
original development of the limb, is dependent upon multiplica- 




10 




II 

Figs. 10 and 11 Embryos with regenerating limb buds, ventral view. X 10. 
R, regenerating limb; iV, normal limb. Figure 10. Experiment R. E. 127—, six 
days after operation. Figure 11. Experiment R. E. 129—, fifteen days after 
operation. 

tion of cells in situ rather than upon the continued crowding 
together of cells from the surrounding regions. The ectodermal 
covering of the new limb bud, as well as that of the original • 
one, is considerably thicker than the ectoderm of the neighboring 
region of the trunk. 

A case (R. E. 115-) preserved at nine days shows similar 
conditions, though further advanced. Nerve fibers from two 
spinal nerves may be traced to the base of the regenerating Umb. 
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A larva killed fifteen days after operation (R. E. 129-, fig. 11) 
shows traces of digits and the segregation of some of the skeletal 
elements, though no marked differentiation of tissues. Mi- 
toses are still very numerous and the blood vessels within the 
limb are unusually large. It is odd that there is as yet no trace 
of the shoulder girdle, which is already well developed on the 
normal side. In normal limbs of the size of the regenerating 
one in this specimen, the girdle can be readily made out. 

The shoulder girdle in the absence of the limb 

In cases where the free limb does not regenerate there is a 
partial development of the shoulder girdle. This is shot\Ti in 
every case that has been examined, confirming Braus's obser- 
vations on the Anura. 

Some of these cases have been studied in serial sections and 
others in total preparations of the shoulder region (figs. 12 and 
13). The cartilaginous elements found are a) the coracoid 
(COR), which has the same general shape and position as the 
normal, but is not so large; b) a small nodule, dorsal to the cora- 
coid at the point where the humerus would normally articu- 
late, representing the procoracoid (P. COR), and c) a rod-shaped 
element, external to the pronephros, which is entirely separate 
from the rest of the girdle and which may be identified with 
the suprascapula (S. SC). The scapula is absent. The ven- 
tral trunk musculature is approximately normal, though thinner 
in the girdle region, and usually it is partly interrupted. A 
distinct band of muscle running from the ventral end of the 
suprascapula dorsally and anteriorly just under the epidermis 
is to be identified with the m. trapezius, though in the normal 
girdle this muscle is attached further ventrally. The condi- 
tions found change with the age of the specimen. 

In a case preserved eighteen days after extirpation of the 
limb bud (E. E. 61) there are only two small nodules of carti- 
lage, or rather precartilage, present. One is at or sUghtly ven- 
tral to the level of the normal shoulder joint and represents 
the coracoid, and the other is between the muscle plates and 
skin at the level of the notochord, opposite the dorsal extremity 

THE JOURNAL OP EXPERIMENTAL ZOOLOGY, VOL. 25, NO. 2 
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of the normal suprascapula, which it undoubtedly represents 
in rudimentary form. The pronephros had been removed in 
this case so that the relation to this organ could not be exactly 
determined. 
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RCOR RGOR. 
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Figs. 12 and 13 Outline of shoulder girdle cartilages o^ an embryo (Experi- 
ment E. E. 59), from which the fore limb bud had been removed on the right side 
and had not regenerated. Specimen preserved twenty-seven days after opera- 
tion. From a total preparation of the shoulder region. X 60. The cartilages 
are represented in lateral view projected upon the sagittal plane. COR., cora- 
coid; HUM., humerus; P.COR., procoracoid; 5C., scapula; S.SC, suprascapula. 
Figure 12. Operated right side. Figure 13. Normal left side. 

Another specimen (E. E. 26), preserved twenty-four days 
after operation, shows both the dorsal and ventral elements 
much better developed. The suprascapula is a long rod of 
cartilage extending from near the level of the n. lateralis ventrally 
almost to the level of the glenoid cavity of the unoperated side. 
The coracoid is more massive than in the previous case. The 
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procoracoid is also present, being represented by a small nodule 
of cartilage anterior to the ventral end of the suprascapula. 
The three cartilages are distinct from one another, but are 
connected by fascia or ligaments. 

A case (E. E. 52) twenty-eight days old has a still heavier 
girdle, especially the_ventral portion, which is almost as large 
as the normal. The} procoracoid is fused with the coracoid, 
and these two ventral^elements are not separated very widely 
from the suprascapula, although the latter cartilage extends 
hardly so far ventrally as in E. E. 26. 

An individual which lived thirty-three days from the time of 
operation (E. E.j^71) shows the suprascapula very well devel- 
oped, reaching ventrally^nearly to the level of the shoulder 



Fig. 14 Amblystoma larva (Experiment Tr. E. 53) from which the left limb 
bud had been removed and not regenerated ; preserved eighty-seven days after 
operation; ventral view. X 5. ' 

joint. However, the ventral part of the girdle is relatively 
poorly developed in this case, the coracoic^ and procoracoid 
being small and still separated from one another. 

In a case preserved thirty-nine days after operation (Tr. E. 
62-) the dorsal portion of the girdle is well developed and at 
its ventral end enters into cartilaginous union with the pos- 
terior end of the procoracoid. The latter approaches close to 
the coracoid cartilage and is united to it by a strong Ugamentous 
attachment, though there is no continuity of cartilaginous sub- 
stance. This is in contrast to E. E. 52, where the coracoid 
and procoracoid are fused and the suprascapula separate. 

The oldest case examined (Tr. Ext. 61-) was killed eighty- 
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five days after operation (fig. 14, taken from another specimen 
of like age). In this the shoulder elements are united into a 
single cartilage, extending from the level of the dorsal surface 
of the medullary cord to the ventral mid line. On the im- 
operated side the cartilage is considerably stouter. 

Taken together with the results of Detwiler's studies on the 
development of the shoulder girdle after extirpation of various 
portions of the limb region, these cases indicate that the opera- 
tion used in extirpating the limb rudiment leaves in the embryo 
the rudiments of the suprascapula, the coracoid and the pro- 
coracoid. These differentiate into small cartilages, which by a 
process of hyperplasia gradually extend ^across the gap inter- 
vening between them until they become united into a girdle 
which is topographically complete. 

THE EFFECT OF COVERING THE WOUND WITH SKIN FROM 
ANOTHER REGION OF THE BODY 

In order to block the stimulus to regeneration, presumed to 
arise from the presence of a defect, the wound made in extirpat- 
ing the limb rudiment was in a number of cases covered with 
indifferent skin from the body of another embryo. The cover- 
ing was taken either from the flank, tailward from the anterior 
limb region, or from the belly, and consisted of ectoderm with 
at least a few mesoderm cells attached. In transplanting em- 
bryonic skin it is necessary to work quickly. The major opera- 
tion must be done first and the embryo placed in position ready 
to receive the graft. Then the skin is excised from another 
specimen,- and transferred directly to the wound in the first 
embryo, where it must be pressed into place immediately by a 
silver or glass bar. If this is not done quickly the skin rolls 
itself into a ball and cannot be used. 

Such experiments were made mostly with cleaned wounds of 
various sizes. The results are given in Table 4, which should 
be compared line for line with Table 1. From the comparison 
of the two tables it is seen that covering the wound has a strong 
tendency to inhibit regeneration. For cleaned wounds of 3 
somites in diameter the percentage of regenerating cases is re- 
duced from 52 to 33. WTien the wound is 3^ somites or more 
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TABLE 4 

Showing results of extirpation of QirciUar areas of body wall of givers diameter; 

wound covered with grafted skin 





WOUND NOT CLEANED 


WOUND CLEANED 


OIAUBTER OF 
EXTIRPATED AREA 


h 


1^ 


.9 

•a 

Si 

|l 


1 


a fi 


h 




4 

S-8 


Total 


1^ 


Not recorded 

3 somites 


2 


5 


3* 


10 




7 
1 




14 


15 
3 


3 

4 
2 


24 (21) 
1 (1) 

19 (15) 
5 (3) 


33 3 


3i somites 




SJ somites 


00.0 


4 somites 








Total 


2 


5 


3 


10 




8 


32 


9 


49 (40) 


20 







* These three cases were classed as negative in the tabulation previously pub- 
lished (Harrison, '15). They are excluded here because they were not kept 
under observation for a sufficient length of time. 

in diameter, regeneration is altogether blocked, eighteen cases 
all having given a negative result. To these might be added 
the five cases given in Table 8, which differ from the present 
experiments only as to the region from which the covering 
ectoderm is taken (p. 448). 

When the skin is grafted to the wound it soon sticks to the 
underlying tissue just as a transplanted limb bud does, and 
often in the course of several hours the wound becomes com- 
pletely healed. The wandering of the ectoderm over the de- 
nuded area, which takes place in the imcovered woimds, is 
blocked, and probably also the movement of the mesoderm 
cells. Prevention of the surrounding cells from reaching the 
proper position by the substitution of other tissues which do 
not have the potency to produce a limb thus effectually prevents 
the regeneration of the appendage. The cells immediately 
surrounding the limb-producing area are evidently imable to 
form a limb unless they can reach the proper position. On 
the other hand, indifferent cells in this position cannot produce 
a limb. It is possible that when no mesoderm is grafted with the 
skin, the cells of this layer wandering in from the host may in 
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some cases give rise to a limb. Some of the individual dis- 
crepancies in this series of experiments may be due to uncon- 
scious varying of this factor. 

In experiments in which another Umb bud is transplanted into 
the place of an extirpated normal bud, the grafted tissue must act 
like a piece of body wall from an indifferent origin in so far as 
its effect upon the movement of the cells of the host is concerned. 
It must prevent these cells from wandering into the proper 
position to form a limb, and hence when transplantations of the 
limb bud are undertaken with proper precautions as to size 
of wound and thorough cleaning of the mesoderm, it is safe 
to assiune that the limb that does develop arises from the trans- 
planted material and not from the tissues of the host. The 
exact determination of the size and character of the wound neces- 
sary to prevent regeneration is therefore important for the 
proper interpretation of any experiments in which the normal 
limb bud is replaced by a grafted one. 

EFFECT OF REMOVAL OF PORTIONS OF THE LIMB BUD 

It was scarcely to be expected that an organ having such 
marked regenerative capacity as the Umb rudiment would show 
any distinct localized effect of the removal of definite portions. 
A number of experiments have nevertheless been made to test 
the prospective potency of its parts. The procedure was as 
follows: The limb area was first bisected by a vertical or a 
horizontal incision and half of the disc — anterior or posterior, 
dorsal or ventral — was removed. Some of the wounds were 
left without further treatment; in others the mesoderm was 
carefully cleaned off and the wound left to heal; and in still 
others the denuded area was covered with ectoderm from the 
flank of another embryo just as in the experiments with whole 
limb buds. In a smaller number of cases, a small circular area, 
1 or 1| somites in diameter, was removed from the center of the 
limb rudiment. The first experiments, which were referred to 
in the preliminary paper (Harrison, '15), were few in number 
and were made without special cleaning of the wound. They 
resulted in the development of normal or only slightly defective 
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TABLES 
Summary of results of removal of portions of the limb biui. Wounds cleaned 





RBBUI/riNQ LDfB 




Normal 


Redupli- 
cated 


Defective 


Abortive 


Dead 


Total 


Per cent 
normal 


Anterior 


3 
2 

1 
8 
4 


6 

1 



1 



3 

1 


1 


1 
4 
10 
2 



4 
3 
2 
4 
1 


14 (10) 

13 (10) 

14 (12) 
14 (10) 

7 (6) 


30.0 


Posterior 


20.0 


Dorsal 


8.3 


Ventral 


80.0 


Central 


66.7 






Total 


.18 


8 


5 

• 


17 


14 


62 (48) 


37.5 







TABLE 6 
Summary of results of removal of portions of the limb bud. 



Wounds not cleaned 





RS8t7Z;rXNO XJICB 




Normal 


Redupli- 
cated 


Defective 


Abortive 


Dead 


Total 


Per cent 
normal 


Anterior 


12 
6 
5 

7 

1 












1 
4 




4 
4 

1 
2 




17 (13) 
15 (11) 
11 (10) 
10 (8) 
2 (2) 


92.3 


Posterior 


54.5 


Dorsal 


50.0 


Ventral 


87.5 


Central 


50.0 






Total 


31 


. 


8 


5 


11 


55 (44) 


70.5 







limbs, but cannot be regarded as a fair sample of what the oper- 
ation may effect. 

During the season of 1917 the experiments have been greatly 
augmented in number, and with results which seem rather 
different. There has been a large proportion of cases with 
defective or completely inhibited development of the operated 
limbs, although no specific correlation between the part re- 
moved and the character of the defect has been observed. As 
in the experiments with whole limb buds, a much higher per- 
centage of perfect limbs has resulted when the wound is not 
cleaned. The results of the experiments in the two classes of 
cases are given in Tables 5 and 6. 

Those with cleaned wounds (Table 5), including all which 
were covered with grafted skin, will be considered first. In this 
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group it is obvious that the proportion of normal limbs varies 
very greatly among the different operations. Thus when the 
ventral half of the limb bud was removed, ei^t out of t^i re- 
sulted in perfect limbs; but when the dorsal half was taken out, 
only one out of twelve gave rise to a normal appendage. The 
anterior and posterior halves occupy an intermediate position 
between the two extremes. These discrepancies are largely, 
if not entirely, due to the diflBculty of exactly halving the ma- 
terial that is to form the limb. In bisecting it va-tically the 
myotomes were used as a guide, and in most cases the incision 
was made below the middle of the fourth somite, leaving one 
and a half somites in front of the incision and two behind it. 
This seems to divide the material more nearly in half than when 
the incision is made a quarter somite further back. In the case 
of the horizontal incision it is more difficult to divide the rudi- 
ment accurately, because there is no sharply defined landmark. 
The attempt was made to cut a little below the pronephric 
swelling. The results show that more of the limb material lies 
above the cut than below. In other words, if the circular area, 
centering just below the pronephros and extending from the 
boundary between the second and third somites to half way 
through the sixth, is bisected vertically and horizontally, more 
limb-forming material lies dorsal to the line than ventral, and 
more anterior than posterior. The lines shown in figure 2 desig- 
nate more nearly the exact quartering of the material. 

The fact that normal appendages resulted in some cases after 
each kind of operation shows that there is no locaUzation of 
prospective potencies in the operating stage. Examination of 
the character of the defects that do arise confirms this conclusion. 
The large proportion of the latter are defects of the whole limb, 
which remains a nodule or becomes entirely resorbed. They 
must be ascribed to the general effect of the operation and not 
to the removal of any specific material. Seventeen cases out 
of a total of forty-eight operations (not including cases that 
died) with cleaned woimds resulted in this way. Of the partial 
defects, listed under the caption 'defective,' all five affected the 
hand, especially the digits. The most marked case was one in 
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which the dorsal half of the limb bud was removed (Rem. E. 27). 
This was a club-shaped appendage less than half length and 
without hand (fig. 15). The next most marked defect followed 
removal of the posterior half of the bud (H. R. E. 12-) ; here 
the forearm was slender and but one whole digit was developed, 



15 



17 . 




z 




\e> 




Figs. 15 to 20 Outline views of defective limbs which developed after re- 
moval of portions of the limb bud. X 17. /, 2, S, 4, ordinal number of the 
digits; d.y reduplicating digit. Figure 15. Experiment Rem. E. 27 (dorsal half re- 
moved); lateral view right side, considerably foreshortened; twenty-six days 
after operation. Figure 16. Experiment H. R. E. 12- (posterior half removed) ; 
ventral view; twenty-six days after operation; the arrow points headward. 
Figrure 17. Experiment Rem. E. 13 (posterior half removed) ; limb amputated and 
preserved twenty-seven days after operation; ulnar half of hand is very defective, 
but the limb which regenerated after amputation was normal. Figure 18. Ex- 
periment Rem. E. 29 (posterior half removed) ; lateral view right side, arm much 
foreshortened; first digit (/) abortive and s3aidactylous with second, which has a 
reduplicating branch (f D) ; thirty-one days after operation. Figure 19. Experi- 
ment Rem. E. 21 (central portion of limb bud removed); limb amputated and 
preserved twenty-six days after operation; right limb lateral view. Figure 20. 
Experiment H. E. 21 — (anterior half removed) ; right side ventral view, eighteen 
days after operation; the arrow points headward. 

which, however, had a reduphcating branch (fig. 16). In an- 
other case of removal of the posterior half (Rem.E. 13) only a 
single long digit and the stump of a second were developed, the 
hand being quite defective (fig. 17). Amputation of this in- 
complete Umb was followed, however, by the regeneration of a 
normally formed one. The two remaining cases showed defects 
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in the first digit. In one (Rem. E. 29), where the posterior half 
of the bud had been extirpated, the first digit is a mere stump 
and is syndactylous with the second, which, however, has a 
small reduplicating branch on the ulnar side (fig. 18); in the 
other (Rem. E. 21), from which the central portion had been ex- 
cised, the first digit is short (fig. 19). 

The cases with ordinary (not cleaned) wounds (Table 6), like 
the foregoing, show the highest proportion of defects after re- 
moval of the dorsal half of the limb bud. However, the lowest 
proportion of defectives occurred after removal of the anterior 
half, a result for which there is no apparent explanation. Re- 
moval of the dorsal portion gives a relatively large number of 
cases of complete suppression of 'the limb. , Of the partial de- 
fects, the most marked case (H. E. 21-) has the hand totally 
lacking, the arm ending as a roimded stump (fig. 20) ; here the 
anterior portion had been removed. Another case (H. E. 13-, 
posterior half removed) appears similar though less clear. In 
four of the remaining, two of which followed extirpation of the 
posterior (Rem. E. 2 and 7), one of the ventral (Rem. E. 1) and 
one of the central (R ^m. E. 9) portion of the bud, the defect in- 
volves only the first digit, which is either absent or short (figs. 21 
B-24 B), while the other two cases (H. E. 18-, removal of dorsal 
half, and H. R. E. 33-, removal of posterior half) have the second 
digit short (figs. 25 B and 26). One of the cases (Rem. E. 9) 
shows the same defect on both the operated and the unoperated 
sides (figs. 24 A and B). In a few of the cases, webbing of the 
first two fingers occurred (figs. 27 B and 28). This has at times 
been found in other experiments and even in unoperated limbs, 
and since the deviation is slight these cases have been classed 
among the normal. 

Turning to the reduplications, we find them concentrated 
among the cases in which the anterior half of the limb bud had 
been removed, six out of the eight falling within this group. 
They include a variety of forms, such as two separate and nearly 
complete limbs (fig. 34), a single normal limb with a spur at- 
tached to the upper arm (fig. 33), and a single limb with merely 
a branched or double digit (fig. 35). Three of them (Rem. E. 
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Figs. 21 to 28 Effect of removal of portions of the limb bud (continued) . In 
the double figures A represents the limb of the unoperated and B that of the 
operated side. In all cases lateral view. X 17. Figure 21. Experiment Rem. 
E. 2 (removal of posterior half); upper arm unoperated limb (A) much fore- 
shortened; operated limb (B) generally less advanced in development, and with 
abortive first digit (1); seventeen days after operation. Figure 22. Experi- 
ment Rem. E. 7 (removal of posterior half); digits of normal limb (A) foreshort- 
ened in part; first digit of operated limb abortive; twenty-six days after opera- 
tion. Figure 23. Experiment Rem. E. 1 (removal of ventral half) ; unoperated 
(A) limb not so long as operated (B) ; which has only one long digit; twenty-nine 
days after operation. Figure 24. Experiment Rem. E. 9 (central portion re- 
moved); both limbs foreshortened; unoperated limb further advanced, but both 
show defect of first digit; twenty-six days after operation. Figure 25. Experi- 
ment H. E. 18 — (dorsal half removed) ; limb of operated side has short second 
digit (S) ; eighteen days after operation. Figure 26. Experiment H. R. E. 33 — 
(removal of posterior half); second digit (2) is abortive and fused with the 
first (/) ; third digit well developed; twenty-one days after operation. Figure 27. 
Experiment Rem. E. 3 (anterior half removed); operated limb somewhat less 
developed than normal; syndactyly of digits 1 and 2; twenty-seven days after 
operation. Figure 28. Experiment H. E. 28 — (removal of posterior half) ; well- 
developed limb with syndactylous first and second digits; twenty -eight days 
after operation. 



Digitized by 



Google 



440 



ROSS G. HARRISON 




Figs. 29 to 37 Effect of removal of portions of the limb bud (continued;. 
Lateral view of limbs in all figures except figure 30. X 17. Figure 29. Experi- 
ment Rem. E. 48 (removal of anterior half); arm foreshortened, .but hand not; 
radial reduplication of hand; twenty-seven days after operation. Figure 30. 
Experiment H. E. 6 — (anterior half removed) ; ventral view; radial reduplication 
of hand more complete than in last case; thirty-nine days after operation; the 
arrow points headward. Figure 31. Experiment Rem. E. 52 (removal of ante- 
rior half); A, normal tetradactylous limb; B, operated limb, with double hand, 
considerably foreshortened; twenty-seven days after operation. Figure 32. 
Experiment Rem. E. 28 (anterior half removed); arm considerably foreshort- 
ened, probably reduplicated internally; first digit double (/D); AT, nodule at 
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48, Rem. E. 52, and H, E. &-) show more or less complete sym- 
metrical reduplication of the hand (figs. 29, 30, and 31). An- . 
other (Rem. E. 28) has only the first digit doubled externally 
(fig. 32), though the unusual thickness of the limb indicates 
partial internal reduplication. Near the shoulder there is a 
distinct nodule. The case of the single limb with spiu" (Rem. E. 
17) is interesting in that the spiu" developed out of a bud which 
grew posterior to the wound scar and which at first seemed to be 
the main limb. Anterior to the wound a second bud appeared, 
first noticed eight days after the operation. On the twelfth 
day it was still but a nodule, and not till the eighteenth day did 
it look like a regenerating bud. It finally developed into a 
normal limb of the proper laterality, the posterior bud remaining 
attached to it as a spur (fig. 33). The case with two independent 
limbs (H. R. E. 10-) is fimdamentally similar to the foregoing. 
The main limb bud developed posterior to the wound. Later 
there appeared anterior to this a second bud. In this case, 
however, the two buds remained permanently separate. The 
anterior one gained over the posterior and became a normal limb 
of proper laterahty with good fimction (fig. 34). The posterior 
one remained somewhat defective (second digit short and ulnar 
digits imdeveloped), and when last examined ahve, thirty-eight 
days after operation, it showed no movement. The remarkable 
feature of this case is that both limbs are right-handed, as was 
probably true of the spiu" case also, though the spur is too de- 
shoulder; thirty-one days after operation. Figure 33. Experiment Rem. E. 
17 (anterior half removed); hand foreshortened dorso-ventraily; Sj spur repre- 
senting a duplicate limb; forty-three days after operation. Figure 34. Experi- 
ment H. R. E. 10 — (removal of anterior half); two left limbs; ANT.^ anterior 
member, developed secondarily from anterior border of wound; POST.j posterior 
member developed from the remaining half of the limb bud; forty days after op- 
eration. Figure 35. Experiment Rem. E. 18 (posterior half removed); radial 
digit reduplicated (D) ; limb amputated and preserved twenty-seven days after 
operation, followed by regeneration of normal limb (fig. 37 6). Figure 36. Ex- 
periment Rem. E. 16 (central portion removed); reduplicated second digit (BD); 
twenty days after operation. Figure 37. Experiment Rem. E. 18 (posterior 
half removed); A, normal left limb, B, normal right limb, regenerated after 
amputation of abnormal limb shown in figure 35; thirty-three days after ampu- 
tation. 



Digitized by 



Google 



442 ROSS G. HARRISON 

fective to reveal its laterality. This case differs from the three 
described above in which the hand is symmetrically reduplicated, 
one member being a right and one a left, following the rule of 
mirroring. It is probably of a fmidamentally different nature 
from the others in that the posterior member obviously arose from 
the remaining half of the limb bud after operation, while the an- 
terior one regenerated from the anterior border of the wound, 
the two remaining far enough apart not to influence one another. 
In the case of the true reduplications, the two members presum- 
ably arise from a single center which later doubles symmetri- 
cally. The other two cases of reduplication are not important. 
One (Rem. E. 18) involved the first digit only (fig. 35), and the 
other (Rem. E. 16) the second digit (fig. 36). 

In three cases the abnormal appendages which developed were 
amputated between the shoulder and elbow. One of them 
(Rem. E. 13, with a very defective hand with only one digit 
(fig. 17) ) and another (R. E. 18 with a reduplicated and a de- 
fective digit (fig. 35) ) regenerated normal limbs (fig. 37). The 
other failed to regenerate. These experiments show that such 
anomaUes can hardly be due to the removal of specific organ- 
forming tissues from the rudiment. 

The anomahes are summarized in table 7. From this tabula- 
tion it is seen a) that defectiveness of the first digit may occur 
after removal of the posterior or the ventral halves or the cen- 
tral portion of the limb rudiment; 6) that defectiveness of the 
whole hand may arise after removal of the anterior, posterior, or 
dorsal halves; and c) that abortive limbs may occur after removal 
of any of the four halves. As for the reduplications, those of 
major degree are confined to operations on the anterior half of 
the limb bud. Minor reduplications, affecting the digits only, 
occurred in one case after each of three different operations. 

It would require a number of experiments many times that in- 
cluded in the above table to give statistical value to the mun- 
bers in the several categories, and it is not likely that these can 
be done in the near future. Possibly the repetition of the ex- 
periments on a large scale might show, for instance, a relatively 
high proportion of defects in digits after removal of the posterior 
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TABLE 7 

Showing distribtUion of anomalies among the several experiments in removing portions 

of the limb bud 
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Whole limb abor- 




tive or resorbed. 
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5 


10 


4 
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Total anomalies... 
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8* 
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12* 


11 
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Normal excl. syn- 
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10 


13 


2 
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1 


5 


6 


8 


7 


15 


4 


1 


5 






Per cent nor- 










mal* 


30.0 


92.3 


65.2 


20.0 


54.5 


42.9 


8.3 


50.0 


27.3 


80.0 


87.5 


83.3 


66.7 


50.0 


62.5 



* As in tables 5 and 6 syndactyly is classified with the normal. 
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half, though the small figures given in the table cannot be deemed 
significant in this direction. Moreover, this defect, like that of 
syndactyly, has been found in cases which had not been oper- 
ated upon at all, and is probably to be regarded as due to slight 
general disturbances of -growth. 

On the other hand, the removal of the ajuterior portion seems 
to have a definite tendency to bring about reduplication, which 
is probably due to a more or less complete separation of the re- 
maining portion of the limb rudiment from a regenerative center 
in front of the wound scar. 

Notwithstanding these anomalies, the experiments speak as a 
whole for the equipotentiality of the four quadrants of the limb 
bud, at least in a qualitative sense. Quantitatively, the lines 
which divide the limb-forming tissue equally are anterior, and 
dorsal to the vertical and horizontal diameters, respectively, of the 
limb bud as defined by the experiments (fig. 2). 

These statements are valid for the free extremity only, and 
must be held in abeyance with respect to the shoulder girdle, 
where it is known that localization has taken place in the em- 
bryo at the time of operation (p. 429). 

While the prospective potency of the limb-forming cells is the 
same as regards the topographic divisions of the limb, the experi- 
ments give no evidence regarding histogenetic potencies. Whethw 
certain cells at the operating stage are already differentiated 
into cartilage, bone, connective tissue, or muscle-forming ele- 
ments cannot be determined either by direct observation or by 
any of the experiments yet devised. ' 

What the prospective significance of the cells of each of the 
four quadrants of the limb bud is, i.e., what part of the free ex- 
tremity is formed in normal development out of each, has not 
yet been determined, though the study of normal embryos points 
to the view that the distal part of the limb is developed more par- 
ticularly from cells lying in the posterior half, the ulnar half aris- 
ing from the dorsal and the radial from the ventral quadrant. It 
is difficult to devise experiments to test this hypothesis. Graft- 
ing of tissue colored by vital stains, such as neutral red and 
Nile blue sulphate, is not feasible because the stain is all de- 



Digitized by 



Google 



EXPERIMENTS ON THE FOBE LIMB OF AMBLTSTOMA 445 

posited in the ectoderm. A few experiments have been made 
by grafting markers in the form of pieces of notochord, which 
could readily be recognized, in the mesoderm of the different 
quadrants of the limb bud, in the hope that they might be lo- 
cated after the limb was developed. As yet these have resulted 
negatively. 

ATTEMPTED SPLITTING OF THE LIMB BUD 

Some years ago, in experimenting with, larvae of the anuran, 
Pelobates, Tomier ('05) found that by making a deep incision 
through the hind-limb rudiment and the base of the tail he 
could produce double appendages. 

A few experiments have been made for the same purpose in 
connection with the present study. The material has necessi- 
tated, howevCT, a rather different mode of operation, and the 
results have proved to be different. 

The limb bud was deeply incised through the middle, either 
dorso-ventrally or antero-posteriorly, and a narrow strip of 
tissue including both ectoderm and mesoderm was removed. 
Thirteen experiments were made. Six were lost by accident 
eleven days after the operation, but all of them had at that time 
normal limbs on the operated side. The other cases were kept 
for sixteen or eighteen days and again all had normal limbs, 
though in four cases development was somewhat retarded. Nine 
of the embryos were in the oldest stage used (iSg. 3) at the time 
of operation. The wound usually left a distinct scar or groove 
running across the limb bud, which, however, was obliterated 
after several days. In no case did the operation result in redu- 
plications. The difference between these results and those of 
Tomier may be ascribed to the fact that in the case of the latter 
the operation was more radical and done upon older embryos, so 
that the chance of the divided limb rudiment healing togeth^ 
completely was much less. 

EFFECT OF SUPERIMPOSING LIMB BUDS 

In experiments upon early embryonic stages the most usual 
test of equipotentiality of the parts has been the development 
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of a whole organism out of any part of sufficient size. Another 
test, more difficult and less frequently tried, is the rearing of a 
single organism from two eggs or embryos which have been made 
to fuse together.*^ 

The experiments described in the foregoing section have shown 
* that any half of the limb bud can give rise to a whole limb. 
Hiose to be taken up now demonstrate that two limb buds fused 
together will develop into a normal single limb. 

The operation of superimposition or fusing together of two 
limb buds is carried out as follows: A circular incision of the 
proper size (3| segments in diameter) is made through the ecto- 
derm of the fore-limb region, care being taken to injiwe the 
underlying mesoderm as Uttle as possible. The ectoderm may 
then be readily stripped from the middle layer by inserting the 
points of the scissors or needle at the dorsal part of the cut 
and tearing the ectoderm away. Often a few mesoderm cells, 
especially from the ventro-posterior quadrant, come oflf with the 
ectoderm, but the greater part of the cells composing the limb 
bud remain in place and not infrequently every cell is left intact. 
An entire limb bud from another embryo is then grafted in the 
usual way over the mesoderm of the limb thus exposed, and such 
grafts heal in very readily. The results of these experiments 
diflfer according to the orientation of the grafted bud, in har- 
mony with the rules of laterality (Harrison, '17). At present 
only the cases in which the grafted bud has its normal orienta- 
tion will be considered. 

Five such experiments were made, all of the embryos surviving 
and giving the same results. Normal limbs developed which at 
first showed diflference in size, but this diflference was after a time 
obUterated. The greater massiveness of the double bud was 
usually apparent the day after operation and was most marked 
about three or four days later. In two cases it is recorded as 
persisting for twelve days, though the diflference from the nor- 
mal gradually diminishes, disappearing entirely by the time the 
yolk is entirely gone, i.e., about eighteen days. 

" Cf. Morgan, '95; Driesch, '00, '10; Goldfarb, '14. 



Digitized by 



Google 



EXPERIMENTS ON THE FORE LIMB OF AMBLYSTOMA 447 

It is clear from these experiments, even though small in 
number, that a single perfectly normal limb will regularly develop 
out of two limb buds fused together. 

EFFECT OF REMOVING THE ECTODERM ALONE 

In the early days of the study of the limbs the question whether 
the first sign of their appearance was in ectoderm or mesoderm 
was much discussed as one of phylogenetic significance. What- 
ever our attitude toward such questions may now be, it is im- 
portant from the standpoint of developmental mechanics to in- 
quire whether the factor which determines the development of 
the limb is located in the outer or the middle germ layer.^* 

Comparison of the experiments with cleaned and with un- 
cleaned wounds, in which the ectoderm is treated the same way 
in both series while the mesoderm is differently handled, already 
suggests what the answer will be. The experiments described 
in this and the following sections are intended to add further and 
more direct evidence that the power to produce the limb rests 
primarily in the mesoderm. 

It is not always possible to avoid injm-ing the mesoderm to a 
slight extent in the operation of removing the ectoderm. There- 
fore the experiments in which it was attempted to remove the 
ectoderm alone differ only in degree from the cases of simple 
extirpation with non-cleaned wounds. Five operations of this 
kind were performed, and in all five cases limbs developed 
promptly, though there was some delay as compared with the 
normal. The wound was not covered with grafted skin in any 
of the cases. 

" Braus (W) has touched upon this question in connection with his study of 
the origin of the skleroblasts of the limb. On p. 165 he says, "In einer spateren 
Arbeit werde ich nachweisen konnen, dass in alteren Stadien ebenfalls das Ecto- 
derm nicht fUr das Zustandekommen eines typischen Skelets notwendig ist; 
denn dasselbe bildet sich eben so gut unter einem ortsfremden Ectoderm, welches 
experimentell gegen die typische Nachbarepidermis ausgetauscht wird, und in 
grossen Entfernung von jeglicher Haut wie in der ungestorter Entwicklung." 
The paper dealing especially with this work (Braus, '08) is unfortunately not 
accessible to me at present. 
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EFFECT OF REMOVAL OF MESODERM ALONE 

In order to remove the mesoderm alone, the ectoderm covering 
the limb region is first incised aromid three-fourths of its circimi- 
ference. It is carefully lifted from the underlying mesoderm 
and left hanging by its ventral border. The mesoderm is then 
removed from the region below the pronephros, all loose cells 
being cleaned oflf, as in experiments already described, and then 
the covering layer is finally stretched back into place and held 
for a short time by a glass bar. The ectoderm contracts con- 
siderably while the wound is being cleaned, but with the aid of a 
fine needle it can usually be drawn over the wound. In some 
cases perfect healing was obtained in less than an hour. In 
others small areas of yolk were found still uncovered on the day 
after the operation. The quickness of the healing seems, how- 
ever, to have no effect on the result, for in the three cases in 
which regeneration occurred, the healing was characterized as 
good, fair, and bad, respectively, while the cases of non-regen- 
eration followed both good and fair healing. 

Twelve experiments were made, in two of which the embryos 
died. In the ten remaining cases the wounds were of different 
sizes, varjdng from three to four segments in diameter, bounded 
as in the simple extirpations (p. 422). The results are given in 
table 8. 

In five cases the cleaned area was of the smallest size, ex- 
tending from the line between the second and third somites to 
that between the fifth and sixth. Three of these gave rise to 
regenerated limbs, while the other two did not. None of the 
other cases, which had larger wounds, regenerated.^' In six of 
the cases which showed no regeneration the pronephros was left 
intact and in only one case was it removed. These experiments 
differ from those described in the third section (p. 432) only with 
respect to the region from which the ectoderm covering the 
wound is taken. The results are in full agreement, and the 
corresponding figures given in table 4 and table 8 could with 
propriety be combined. 

" In my preliminary note (Harrison, '15), on the fifth line from the bottom 
of p. 642, the words 'over three' should be substituted for *four.' 
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TABLES 
Showing effect of removal of limb meaderm 










CA8K8 RSOBMBBATBD 


CABBB NOT BBQBNKBATHD 




Healing of wound 


Total 


Healing of wound 


Total 




Good 


Fair 


Poor 


Good 


Fair 


Poor 




3 somites 


1 


1 


1 


3 






2 

1 


1 

1 
2 




2 




1 


3} somites 


2 


4 somites 


2 






Total.* 


1 


1 


1 


3 


3 


4 




7 







* In the table previously published (Harrison, '15, p. 540) in the first column 
filth line read 3i instead of 3i. 

While the number of cases is not large, it is beyond doubt that 
the presence of the normal ectoderm over the denuded limb re- 
gion no more incites the development of a limb than does the 
presence of ectoderm from a distant region. 

TRANSPLANTATION OF THE MESODERM 

Transplantation of the whole limb bud, ectoderm and meso- 
derm, results, as is well known, in the development of a limb in 
the new position. Transplantation of one or the other of the 
two layers should afford additional evidence, more cogent than 
that already given, as to the potency of the several layers in 
determining the development of the appendage. Only one of 
these experiments, the transplantation of the mesoderm, has 
been tried; the negative results recorded with reference to the 
ectoderm in the previous section are thought to be sufficient 
evidence from that side. 

In order to transplant or inoculate the mesoderm into some 
other region of the body, a pocket is first made under the skin 
of the embryo by sticking the points of a pair of fine scissors 
obliquely through the ectoderm and sUghtly opening them. The 
position chosen for this pocket was in most cases the flank of 
the embryo at the lower border of the muscle plates. In four 
cases, all of which resulted negatively, it was made above the 
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eye. After the first embryo has been prepared, the ectoderm 
is removed from the Ihnb region of another specimen, with as little 
injury as possible to the mesoderm, and the latter is cut out from 
below and behind the pronephros and transferred as a single piece 
to the pocket. It is often difficult to get this small mass of 
tissue inserted, because it is very sticky and is liable to be pulled 
out when the instnmient is withdrawn. Having a small hole 
in the distal side of the pocket facifitates a deep insertion and 
consequently the retention of the transplanted cells. Healing 
of wounds of this character is rapid and without secondary 
compUcations. The mesoderm cells are, however, rather' loosely 
held together and a considerable amount of disintegration may 
occur — ^more than when the limb bud is transplanted in toto. 
The results of the experiments were as follows: 

auet 

Embryo died prematurely 4 

Resorption of transplanted tissue 5 

Small nodule developed 3 

Long appendage without digits 1 

Limb of approximately full size with digits, usually showing redupli- 
cation 6 

Total 19 

These results are not essentially diflferent from those obtained 
when the whole limb bud is transplanted, except that the limbs 
which do develop when the mesoderm is taken alone are more 
likely to show deformities. This was to have been expected in 
view of the difficulties of handling the mesoderm without the 
firm ectodermal covering to hold it together. Since the indi- 
vidual cases are of interest their histories will be presented 
separately. 

Experiment Tr. Mes, 1, May 9, 1912. Mesoderm from left limb 
bud transplanted to left side. Some oozing from wound three hours 
afterward, indicating loss of tissue. 

May 12. Small lump in region of graft. 

May 15. Transplanted limb is getting much longer and is not 
much below the normal one in size. 

May 18. Beginning to show digitations. 

May 21. Larva has marked spinal curvature, but seems otherwise 
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healthy. Transplanted Umb has two well-marked digits and begin- 
ning of third. Limb not so long or so far advanced as the normal 
one. Good circulation. 

May 25. The specimen was preserved on account of the deformity 
of its back, which rendered its existence precarious (fig. 38). 

Transpanted limb is a left, having preserved its original laterality. 
It has a distinct third digit and the beginning of fourth, and on the 
radial side there is a reduplication of digits. The whole hand is, there- 
fore, nearly Symmetrical. Transverse sections show a small coracoid 
and a very shallow glenoid fossa, but the scapular portion of the girdle 
is not developed. Differentiated muscle fibers are present in the limb, 
but no nerves have been found. 

Experiment Tr. Mes. J^. May 11, 1912. Right limb mesoderm to 
right side. 

May 15. Grafted tissue not very prominent. 

May 21. Limb bud * points' anteriorly. 

May 27. Digitations beginning; dorso-ventral doubling. 

June 7. Specimen preserved. 

The arm as a whole is a left, i.e., its laterality has been reversed 
(figs. 39 and 40). The radial digit is reduplicated on the radial border. 
There is another reduplication consisting of a long digit and a nodule, 
mirrored from an ulno-palmar plane. 

In the normal limb on this side the first two digits are syndactylous, 
the first being short. 

Experiment Tr. Mes. 5. May 11, 1912. Mesoderm from right 
limb bud implanted on right flank. 

May 12. Wound still slightly open; transplanted tissue a good 
hump. 

May 21. Transplanted tissue has grown and points more distinctly 
anteriorly. 

May 27. Good circulation; two digits show; limb looks to be of 
normal form. 

June 7. Specimen preserved. 

Three well-marked digits are present with trace of fourth. The 
first two digits are webbed; otherwise the limb is normal (fig. 41). It 
is clearly a left, its original laterality having been reversed. There 
was no evidence of motility* of the implanted limb before killing. 

The preserved specimen was cut into frontal sections, examination 
of which shows that the shoulder-girdle cartilage is fairly well formed; 
the ventral (coracoid) portion is more extensive than the scapula, which 
is only slightly developed. Pronephric tubules, seen near the base 
of the limb, indicate that part of the pronephros was transplanted with 
the limb cells. Muscle tissue is well developed in the limb, though no 
nerve fibers seem to be present. 

Experiment Tr. Mes. 16. May 13, 1914. Left limb mesoderm 
transplanted to right side. 

May 14. Perfectly healed; small nodule caused by transplanted 
tissue. 
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May 20. Transplanted tissue growing well, 'points' anteriorly. 

May 22. Growth considerable; reduplication beginning near base. 

May 25. Ldmb consists of two almost equal parts branching near 
base; anterior member is bidigitate. 

June 1. A perfect limb with redupUcation of forearm and manus. 
Both members are tridigitate, with indications of fourth digit (fig. 42). 
The anterior member (PRIM.) which is the primary one, is a p^ect 
left (original laterality of the tissue), the other (DUPL.) a right. 

June 6. Larva preserved. 

The specimen was cut into serial sections. The coracoid portion of 
the shoiilder ^dle is well developed and the glenoid fossa is marked. 
Dorsal to the joint there is no cartilage. Well-developed muscles nm 
from the coracoid to the humerus, but the upper arm is almost de- 
void of muscle fibers. On the other hand, the forearm muscles are 
well developed. No nerve fibers have been found, 

Experiment Tr. Mes. 17. May 19, 1914. Mesoderm of left fore- 
limb to right side. 

May 25. Transplanted bud sticks put almost straight from side of 
body. 

June 1. Liinb has grown considerably, but will probably be defec- 
tive as to digits. 

June 6. Unchanged. Limb cut off just below elbow. 

June 29. Larva has grown well. Limb healed, but no hand has de- 
veloped. It shows the elbow bend and has the posture of a normal 
right limb (fig. 43). 

Experiment Tr. Mes. 18. May 19, 1914. Mesoderm of left limb- 
bud to right side. 

May ^. Healing perfect; transplanted tissue a good nodule. 

May 22. Nodule increasing markedly. 

May 25. Transplanted tissue growing and points toward tail. 

Figs. 38 to 43 Amblystoma larvae showing supernumerary limbs developed 
from inoculated mesoderm cells of the limb bud. X TJ. Figure 38. Experi- 
ment Tr. Mes. 1; the supernumerary limb is primarily a left (from left-handed 
tissue), but the hand is S3anmetrically reduplicated; sixteen days after opera- 
tion. Figure 39. Experiment Tr. Mes. 4; supernumerary limb, primarily a 
left, though the inoculated tissue was from the right side; irregularities in the 
digits; twenty Hseven days after operation. Figure 40. Same experiment, ven- 
tral view. Figure 41. Experiment Tr. Mes. 6; the supernumerary limb is a 
nearly normal left developed on the right side of body from tissue of right side. 
The only abnormality is the syndactyly of the first two digits; twenty-seven days 
after operation. Figure 42. Experiment Tr. Mes. 16. Ventral view of larva 
showing supernumerary limb reduplicated from elbow down; PRIM,, primary 
member, a left (from left handed tissue); DUPL., secondary member, a right; 
twenty-four days after operation. Figure 43. Experiment Tr. Mes. 17. Super- 
numerary limb regenerated after amputation, a right (from left-handed tissue) 
with abortive hand; forty-one days after inoculation, twenty-three days after 
amputation. 
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May 27. The limb is bidigitate or bifurcated. 

June 1. Limb is short, hand reduplicated and digits irregular. 

June 6. Specimen preserved. 

The double hand (fig. 44) is approximately symmetrical. The pos- 
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Figs. 44 and 45 Larvae with supernumerary limbs developed from inoculated 
mesoderm (continued). X 7 J. Figure 44. Experiment Tr. Mes. 18. Super- 
numerary limb with double hand; PRIM., primary member, a right, developed 
from left-handed mesoderm; DUPL., reduplicating members; eighteen days after 
operation. Figure 45. Experiment Tr. Mes. 19. Superniunerary limb with 
double hand; PRIM., primary member a left, developed from right-handed meso- 
derm; DUPL., reduplicating members; forty days after operation (development 
very slow). 

terior member (PRIM,), which, judging by the first direction of point- 
ing, is the primary one, is a right, the original laterality having been 
reversed. The first two digits are normal, the third is distinct, and the 
fourth a slight eminence. The other member (DUPL.) is not so far 
developed. The first two digits are webbed and the first consider- 
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ably shorter than normal. Examination of frontal sections shows that 
only the coracoid portion of the girdle is developed. Shoulder muscles 
are present, but no nerves have been found. There are two ulnae, one 
on each side of the somewhat thickened radius. 

Experiment Tr, Mes. 19. March 3, 1915. Mesoderm of right limb 
to left side. 

March 16. Growth of transplanted tissue has been comparatively 
slow, though in the past three days considerable. 

Matrch 19. Limb still short, though showing beginning of digita- 
tions. 

March 29. Arm very short; three long digits, of which the most 
ventral and posterior is probably a reduplication. On the dorso- 
anterior border the third and fourth digits show, the latter but very 
slightly. 

April 12. Specimen preserved. 

This is similar to the previous case (Tr. Mes. 18), but the limb is 
shorter and the elbow bend more distinct. There is an approximately 
symmetrical radial reduphcation of the hand, which is broad and paddle- 
like. The arm points posteriorly and laterally; The posterior mem- 
ber is probably the primary one and has had its laterality reversed, 
being a left. The digits are further developed in this hand, both the 
third and fourth being distinguishable (Fig. 45). 

In viewing the above seven cases as a whole, it is seen that, 
while no one is absolutely normal, they are all suflSciently de- 
veloped to show their specific form. One alone is badly de- 
ficient, two show reduplications which are slight, three others 
reduplications which are more marked, involving in one case the 
whole forearm and hand. One case (Tr. Mes. 5) has no re- 
duplication and is normal except that the first two digits are held 
together by a web throughout their length. This abnormality is, 
however, not infrequently found in limbs that have not been 
operated upon. 

These results show clearly that the specific limb-forming 
tissue is the mesoderm of a certain region of the body wall 
and not the ectoderm. When it is considered that there is much 
loss of tissue in the operation and that what remains must 
often be to a great extent mixed up, the most striking thing is 
that the limbs which develop from such inoculations should be 
so nearly normal. These experiments thus afford additional 
evidence for the equipotentiality of the elements constituting 
the limb bud. 
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No attempt was made to orient the engrafted tissue, if indeed 
this were possible, but the results which have been obtained 
may be interpreted in accordance with the results from trans- 
planting the whole limb bud, where the orientation of the graft 
is known (Harrison, '17). In three of the cases the limb tissue 
was grafted on the same side of the embryonic body; one of these 
yielded a limb of the same side, while in the other two the later- 
ality was reversed. In four cases the tissue was implanted on 
the opposite side of the embryo; in one of these the limb pre- 
served the original lateraUty of the tissue, while in the re- 
maining three reversal occiured. 

CONCLUSION 

The purpose and results of each of the experiments having 
already been pointed out, it remains only to state briefly their 
significance as a whole. 

The tissue which is destined normally to form the fore limb 
has been delimited, and within the period of development dealt 
with in the experiments, it has been shown to be a self-differen- 
tiating system. It is a group of mesoderm cells formed as a 
proliferation of the somatopleure, and no specific stimulus from 
any particular portion of the ectoderm is necessary for its de- 
velopment. The exact boundary of the embryonic tissue which 
normally enters into the limb cannot be determined by the pres- 
ent methods; for, siu^ounding the group of cells which constitutes 
the limb bud, there is a zone of mesodermal tissue, which, in 
case of removal of the original limb rudiment, may move in 
and assimie the character of the excised material, giving rise 
after a time to a normal limb, as was first shown by Miss Bjrmes 
('98 b) in the case of Rana embryos. The limb rudiment may be 
thus regarded not as a definitely circumscribed area, like a stone 
in a mosaic, but as a center of differentiation in which the in- 
tensity of the process gradually diminishes as the distance from 
the center increases until it passes away into an indifferent 
region. Many other systems, such as the nose, ear, hypophysis, 
gills, seem to have the same indefinite boundaries which may 
even overlap one another. 
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Self differentiating as is the system as a. whole, the parts 
within the system do not constitute a developmental mosaic, 
with the exception of certain portions of the shoulder girdle. 
The system itself is eqnipotential, as shown by the two tests to 
which it can be subjected; a whole will develop out of a part, 
and a single normal whole will develop out of two separate rudi- 
ments when fused together. The experiments of extirpating half 
buds and of superimposing buds, respectively, make this clear. 

The limb rudiment, therefore, is an entity, which, except for 
its dependence for nourishment, is independent of its surround- 
ings in the attainment of its specific form. In one important 
respect it has been foimd to be influenced by its position in the 
organism as a whole, and that is as regards its relations of sym- 
metry and its power to form reduplications. The study of these 
phenomena will be the subject of a continuation of the present 
work. 

SUMMARY 

The fore limb of Amblystoma punctatum develops normally 
as a thickening of the somatopleure centering in the area ventral 
to the fourth myotome and extending over into the regions 
ventral to the third and fifth. 

Numerous mitoses indicate that the growth of the limb bud 
is due to rapid proliferation of the cells in situ rather than to 
inwandering from siurounding territory. 

Extirpation of the tissues of this region results in disturbances 
of development in the limb, the intensity of which depends upon 
the size of the wound, the care with which it is cleaned of meso- 
derm cells, and whether it is covered with grafted ectoderm or 
not. ^ 

If the wound is small or not entirely cleaned of mesoderm, a 
normal limb usually develops (regenerates) with some delay. 
After more radical operations the limb regenerates much less 
frequently. 

When nothing further is done beyond excising the circular disc 
of tissue constituting the limb rudiment, the limb has been 
found to develop subsequently in 81.4 per cent of the cases 
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(table 1). When. all scattering mesoderm cells are removed, 
the limb develops in but 36.5 per cent of the cases. 

Covering of the wound with ectoderm from the flank further 
reduces the probability of regeneration. For wounds of 3 so- 
mites in diameter the percentage of positive cases is reduced 
from 52 to 33, and development is entirely prevented by covering 
wounds of 3| somites or over. 

Even when the free appendage fails to develop, parts of the 
shoulder girdle are formed. 

It is concluded that in these operations the cells that normally 
give rise to the limb are removed. In the subsequent process 
of wound healing cells in the sm-rounding zone move in and 
ultimately form a new limb bud. Around the limb-forming 
cells there is thus a zone of tissue which has the power, in grad- 
ually diminishing intensity toward the periphery, to form a limb 
vicariously. 

When half of the limb bud is removed, disturbances of de- 
velopment may occiu*, but in many cases normal development of 
the limb follows. 

These disturbances vary all the way from complete suppres- 
sion of development to slight retardation. Abnormalities, such 
as defective digits or hand and reduplications, also occur. 

There is no distinct correlation between the part of the limb 
bud removed and any particular defect. 

RedupUcations are most frequent after extirpation of the 
anterior half. 

Normal development may occur after excision of any half of 
the limb, but is more frequent in case of removal of the ventral 
half. 

The limb-forming material is divided into a^roximately 
equal parts by lines anterior and dorsal, respectively, to the 
vertical and horizontal diameters of the limb disc 3| somites in 
diameter (fig. 2). 

On the whole, these experiments show that, while quantita- 
tively the limb-forming tissue is unequally distributed in the four 
quadrants of the area usually extirpated, there is no qualitative 
difference in the potencies of the cells of the four quadrants. 
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Splitting of the limb bud by a vertical or horizontal incision 
may cause slight delay in development, but does not produce 
reduplications. 

A single normal limb will develop from two fused limb buds 
when one is superimposed upon the other in proper orientation. 

Removal of the ectoderm covering the limb bud has no effect 
upon the development of the limb beyond causing slight delay. 

Removal of the mesoderm of the limb bud, when complete, 
prevents the development of the limb even when the proper 
ectodermal covering is healed back over the wound. 

Transplantation (inoculation) of mesoderm from the limb re- 
gion to a pocket under the skin of the flank results in many 
cases in the development of limbs. In about half the cases 
which live this inoculated tissue is resorbed or does not develop 
further. 

The limbs which develop show a large proportion of redupli- 
cations; one case was perfectly normal except for syndactyly of 
the first two digits. 

Taken together, the experiments show that while the ectoder- 
mal covering is indifferent, the mesoderm of the limb bud con- 
stitutes a specific self-differentiating system, which, however, in 
itself is an equipotential system in Driesch's sense. 
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EXPERIMENTS ON THE PHYSIOLOGY OF DIGESTION 
IN THE BLATTIDAE 
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TWENTY-ONE FIGURES 

INTRODUCTION 

The following experiments were undertaken to explain certain 
phases of digestion in cockroaches, and especially the processes 
concerned in digestion of fat, as well as other related problems. 
The subject is not a new one; many investigators have studied 
various phases of the problem, but they have in several cases 
arrived at very different conclusions. One of these workers was 
Prof. Alexander Petrunkevitch COO), who suggested the problem 
to me.^ 

The real object of my investigation has been to attack the 
problem from a new point of view, besides repeating to a greater 
or less degree the experiments of previous workers. I have en- 
deavored to amplify considerably the scope of previous work 
through the use of newer stains and the physiological and ex- 
perimental methods. 

The main problems which I hoped to investigate and elucidate 
were concerned with the r61e of the crop in digesting and ab- 

* Prof. Petrunkevitch *8 paper appeared in 1900, and since then several inves- 
tigators have come to results distinctly at variance with his. ' This disagreement 
is explained in part by the fact that Professor Petrunkevitch gave almost no 
data concerning the details of his experiments. Most of the data were lost in 
consequence of political disturbances, and without the data the work could not 
be defended. Moreover, lack of these data prevented repetition and verification 
of the experiments. After many trials I arrived at methods of experimentation 
which tended to verify Petrunkevitch*s results, and to explain the disagreement 
of other authors. From this beginning I proceeded to further and more varied 
experiments, always using groups of animals in each experiment. More than six 
hundred cockroaches were used in all. 
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sorbing food, the various functions of the gizzard, the details 
and significance of digestive processes in the stomach and coeca, 
and the explanation of the presence of certain substances and 
leucocytes in the tracheal tubes. 

MATERIAL AND METHODS 

The material first used consisted in the species of cockroach 
pre\dously used by most earlier investigators in the field of fat 
digestion in insects, namely, Blatta orientalis Linnaeus (Peri- 
planeta orientalis), the common black cockroach, and Blatella 
(Philodromia) germanica, 'the croton bug. The latter species 
was found rather small for convenient dissection and observa- 
tion. Later on I used Periplaneta americana, the American 
cockroach, almost exclusively. In this species, which is very 
hardy and much larger, it seemed hopeful that some processes 
which had been obscure or disputed in the smaller species might 
be seen more plainly, and indeed this proved to be the case. 
One especially fortunate fact was discovered, namely, that the 
body cavity in the abdominal region could be entered in the 
living animal by turning back a flap of the body wall. After the 
flap was replaced, the animal experienced no serious incon- 
venience. It was found possible thus to make ligations of the 
alimentary canal just after food was taken, thus isolating certain 
digestive organs from connection with others. This eliminated 
the uncertainty of previous work as to the flowing of digestive 
juices from one part to another. The digestion which occurred 
in a part tightly ligated from other parts was considered to be 
surely produced by digestive fluids and enzymes secreted in 
that part. 

Another fortimate feature about Periplaneta americana is its 
tolerance of sunlight. Unlike Blatta orientalis, which is very 
sensitive to light and avoids it whenever possible, my animals 
walked around contentedly even in bright light and took food 
normally. 

The tissues were usually fixed in Flemming's strong solution, 
which contains osmic acid and stains fats black by an oxidative 
process. This fixing fluid is especially effective in work with 
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olive oil, for the pure oil consists mostly of the glyceride of oleic 
acid, and oleic acid is the only one of the four common fatty 
acids of ordinary fats which is blackened well with osmic acid, 
this being due to its unsaturated molecular structure. In work 
with tissues containing blackened fat it seemed inadvisable to 
stain with any haematoxylin stains, for these stain so darkly and 
tend to obscure appearances of the darkly stained fat. As a gen- 
eral stain acid fuchsin was used successfully; it stains nuclear 
and cytoplasmic structures sufficiently distinctly. For obtaining 
the best histological details Perenyi's fluid was much used, and 
also a mixture of 5 per cent formol and 50 per cent alcohol. The 
best combination of stains for accurate definition of structures 
was acid fuchsin, followed by Ehrlich's haematoxylin. In 
working with the very compact and hard tissues of the gizzard, 
Flemming's killing fluid was very satisfactory when it penetrated 
well, which was not always the case. Perenyi's fluid was also 
satisfactory. In order to bring out the muscle structures of the 
gizzard, careful staining with iron haematoxylin and picro- 
fuchsin is necessary. When the animals had eaten fat stained 
with Sudan III or Nile blue sulphate, sections were made in a 
freezing microtome. 

Most of the tissues contain so much water that extra care is 
necessary in running them through a series of reagents. In 
running ordinary tissues from absolute alcohol through xylol to 
melted paraffin, it is very desirable to interpose between the 
alcohol and xylol two appropriate mixtures of these reagents. 
In nmning from xylol to melted paraffin, it is necessary to inter- 
pose a cold and a warm mixture of the two. Unle.-s this is 
done, the nuclei and cytoplasm shrivel and the fat globules be- 
come distorted and liable to fade rapidly. 

The fat used as food in the experiments was pure olive oil. 
The animals refused to take pieces of solid fat, but would take 
bread soaked in oUve oil. But the ideal food seemed to be a 
paste of pulverized sugar and olive oil. This was taken greedily, 
even when stained brightly with Sudan III, Nile blue sulphate, 
or litmus powder. The organs chiefly concerned in recognizing 
the food semed to be the maxillary and labial palpi, not the eyes 
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or antennae. The feeding was done in covered glass jars, in 
one part of which some of the paste was placed. The animals, 
when put into the jars, walked or ran about until the mouth 
parts and palpi happened to touch the food; then stopped, 
moved'the palpi over the food and began to eat by opening and 
closing the mandibles. After feeding was completed the ani- 
mals were removed to a clean dish. When colored foods had 
been eaten, it was always possible to decide in a general way 
how much a given animal had eaten, for the color of the food in 
the crop showed through the transparent crop wall and the 
semitransparent region of the body wall between the third pair 
of legs. When an animal had eaten a moderate or very generous 
amount of the paste, it stopped to clean itself carefully, going 
over the whole of the anterior legs with the mouth parts, and 
drawing the antennae through the mouth parts by aid of the 
anterior legs, meanwhile apparently licking off any oil or other 
extraneous matter on them. The fat-feeding methods of 
Schluter were also employed; that is, the smearing of the head 
and anterior body with olive oil with a brush and then relying 
on the cleaning habits of the animals to get the food into the 
mouth and crop. This method was considered inadequate and 
not practiced much, because it was so unnatiu'al, and because 
experience showed that fat smeared on the thorax entered the 
thoracic spiracles readily, and thus gave false pictures of fat 
distribution in subsequent preparations. 

ANATOMY AND HISTOLOGY OF THE ALIMENTARY CANAL 

In view of the fact that there is a discrepancy of opinion as to 
the structure of the alimentary canal, it seemed desirable to in- 
vestigate it once more without going into unnecessary detail. 
This was undertaken as a basis for physiological work. The 
comparative lengths of the various parts in a specimen where the 
total length of the alimentary canal was 6.7 were as follows: 
oesophagus 0.25 cm., crop 2.5 cm., gizzard 0.25 cm., stomach 
1.3 cm., small intestine 0.25 cm., large intestine 1.6 cm., rectum 
0.5 cm. It will be noted that the crop possesses by far the largest 
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surface of any single organ, being 2.5 cm. in length and on the 
average 0.6 cm. in diameter when distended with food, thus 
having a surface of about 3 sq. cm. as against a corresponding 
surface of 0.7 sq. cm. in the stomach, which is 1.3 cm. in length 
and 0.25 cm. in diameter. 

The stomodeum, or that part of the anterior alimentary canal 
which is turned in during the embryonic period, is of considerable 
size in the American cockroach, and may be divided into six 
parts: mouth cavity, pharynx, oesophagus, crop, anterior gizr- 
zard, and posterior gizzard. The mouth cavity and pharynx 
were not studied, for it is most imprpbable that any important 
digestive changes occur there. The salivary glands are paired, 
one lying on each side of the crop along about half its length. 
The ducts run forward into the mouth and are strengthened 
by a tough spiral structure similar to that of the tracheal tubes. 
The reservoir of the salivary secretion may be very large, it 
may be almost as long as the crop when it is dilated with fluid. 

Oesophagiis. The oesophagus begins where the dilation of the 
pharynx ends and varies much in size according as it is dilated 
with food or not. When empty its cavity is nearly obliterated 
by closely appressed fol(ls. These folds are continuous with 
those of the crop to such an extent that it is impossible to say 
where one ends and the other begins. The oesophagus wall 
consists of a single layer of nearly cubical epithelial cells (fig. 1), 
betw^een which are seen muscle processes and tracheal end cells 
similar to those described by Petrunkevitch. Within the layer 
of cells and secreted by it is the chitinous intima, of about the 
same thickness as the cells. This is raised into projections, on 
the summits of which long tt-istle-like processes are situated. 
Around these structures is a layer of circular muscles. 

Crop. The crop is by far the largest part of the alimentary 
canal and no doubt has an important function, though Schliiter 
considers it as a mere storage organ and conducting tube to 
the stomach. The wall consists of three layers, muscular, epi- 
thelial, and chitinous. The muscular layer consists of two 
layers of striated fibers at right angles to each other. One layer 
consists of circular muscles and serves to contract the crop walls 
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tightly over any food within. The other layer consists of lon- 
gitudinal muscles. The muscles form a loose network, and 
through the meshes the general body cavity connects with spaces 
under the epithelial cells. These spaces are under folds in the 
epithelial layer in the usual state, but are nearly or quite oblit- 
erated when the crop is distended with food. In these folds 
are found muscle fibers and processes which run from the mus- 
cular layer to the epithelial and chitinous layers, and may be 
considered as radial muscles, as shown in figure 2. Wandering 
blood cells and tracheal branches are also found in these spaces 
(fig. 2) . The latter extend on one side to larger tracheal branches 
and on the inner side to tracheal end cells. 

The epithelial cells have the shape of hexagonal prisms twice 
to four times as high as broad. The nuclei are situated near the 
bases of the cells; that is, toward the body cavity, as shown in 
figures 2, 5, 17. The cytoplasm of the nuclear region usually 
stains more deeply than the cytoplasm of the other end of the 
cell, and is apparently more specialized. Between the cells and 
the lumen of the crop is the rather thin chitinous intima. 
Petrunkevitch has demonstrated that this intima is porous, and 
I have verified his work, using his methods. Some earlier 
workers used this porosity to accoimt for the passage of fat 
globules into the cells from the lumen, but it is ilow known that 
fats cannot be absorbed as such, but must be split to fatty acid 
and glycerol, both of which, being soluble, may be absorbed 
into the cells. 

The muscular layer may be separated to a greater or less extent 
from the epithelial layer by teasing with needles imder a bin- 
ocular microscope. This applies Tor the oriental cockroach, and 
not for the American cockroach. Flat preparations of the 
epitheliiun may be made by holding a piece of the crop's wall 
tightly down and flattening out folds imder a coverglass, then 
running in Flemming's fluid, or absolute alcohol, as recom- 
mended by Petrunkevitch. A much better method of getting 
flat preparations consists in feeding an animal imtil its crop is 
distended and therefore all the folds of the surface are smoothed; 
the crop is then removed without puncturing and preserved in 
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Perenyi's fluid. In the American cockroach there is a definite 
region of the anterior crop where there are very few muscles, 
this region is especially favorable for study. In these prepara- 
tions the epithelial cells appear mostly as hexagons. 

Petrunkevitch has described certain unusual conditions in 
some of these cells, and has figured them as seen when flat and in 
cross sections. In some cases the cell walls of a group of cells 
degenerate and the cells fuse. The cytoplasm appears vacuo- 
lated and abnormal and the nuclei begin to degenerate. Finally 
the whole mass of protoplasm seems to be discharged and the 
gap filled by the growth and cell divisions of adjacent cells. 
He also describes cells which contain two or more nuclei, but do 
not appear abnormal otherwise; these represent small syncytia 
resulting from nuclear divisions with suppressed cytoplasmic 
divisions. 

Among my preparations some slides show stages which may be 
likened to these. The cells show great inequality of size, the 
very small ones appear to be latent, but ready to replace by 
growth any gaps in the epithelium. Binucleate and trinucleate 
cells often appear, but I cannot explain their significance, per- 
haps they represent small syncytia. Some of them are shown 
in figure 18. Another unusual condition is shown in figures 17 
and 18. In such cases the cytoplasm appears abnormal and 
numerous nuclei are present, some of them appearing degenerate 
or as mere vesicles. No traces of cell walls are present in these 
regions, and the cytoplasm seems dead. I have been unable to 
find a definite explanation of such pictures; perhaps they repre- 
sent a sort of lesion which results from injury to the cells through 
mechanical damage by sharp pieces of food or through the ac- 
tion of poisonous matter in the food. The process cannot, I 
think, be compared with the normal casting of cells of the 
stomach epitheUum after they have become worn out by continual 
fxmctioning. 

Petrunkevitch has also figured ring cells; that is, cells which 
contain a very large vacuole surrounded by a thin layer of cyto- 
plasm containing the nucleus. He believed that these cells 
represented a stage in the fusion and casting of cells, especially 
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as two or three cells might combine to one ring cell. In the 
species I have studied this appears not to be the case. I have 
never found any such appearances except in preparations which 
were fixed in absolute alcohol, and even then the appearances 
were not distinct, and probably represented artifacts due to too 
rapid dehydration. 

Gizzard. The gizzard consists of two distinct parts, an anterior 
and a posterior. Its shape is in general that of a cone whose 
blunt end is anterior and adjoins the crop and whose pointed 
end extends into the stomach. Its altitude about equals the 
diameter of the base. The hinder, protruding part is of about 
the same length as the anterior part. The two parts are entirely 
different histologically. In the anterior part the chitin forms 
six heavy teeth; the chitin has no distinguishable structure for 
the most part, but may be shown by staining with erythrosin 
to consist of three homogeneous layers, an outer and an inner 
layer which take no stain and a median layer between them 
which stains bright red. 

The six thick teeth fill most of the cavity of the anterior part. 
They are large projections, triangular in cross section and roughly 
rectangular in longitudinal section, which nearly fill the space 
within, leaving only a narrow lumen in the middle and small 
spaces between their sides (fig. 8). The outlines of the teeth 
are not quite triangular, but often have swellings or concavities 
on the sides and somewhat flattened points. Usually a swelling 
of one tooth lies opposite a cavity on the adjacent tooth, and 
flattened and pointed ends do not sharply oppose each other. 
Ramme has found that in cockroaches the six teeth fit tightly 
and perfectly and are so well held together by the thick circular 
muscles that a tight fastening may be made. 

Under the chitinous intima lies a single layer of long cylindrical 
epithehal cells, and below them a mass of connective tissue, 
through which run many tracheal tubes. Just under the epi- 
theUal cells these tubes end in tracheal end cells, whose proc- 
esses run up between the cells above. Outside of the con- 
nective-tissue layer is a broad layer of circular striated muscles. 
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Between the main teeth are secondary and tertiary ones. 
These, unlike the primary ones, are covered with short spines. 
Between each pair of large teeth are three secondary ones, evenly 
spaced (fig. 9). Between each primary tooth and its adjacent 
secondary tooth are three or five tertiary teeth, and between 
adjacent secondary teeth are two or three tertiary ones. So 
the gizzard has six primary teeth, eighteen secondary ones, and 
sixty or ninety-six tertiary ones. 

The teeth extend through about half the length of the anterior 
gizzard. The region between their posterior ends and the pas- 
sage from the gizzard into the stomach is provided with smaller 
rounded projections which are set with long yellow spines or 
needles. Just behind the primary teeth are considerable folds, 
which MiaU and Denny have called cushions for the teeth. These 
are shown in figures 8 and 9. The spines here are large and uni- 
form, and are situated in sockets on the summits of dome-shaped 
chitinous projections. The structure and relations here will be 
discussed later. Posterior to the cushions Ues a region of many 
smaller lobes and folds, the walls of which merge into the duct 
leading to the stomach. These lobes are thickly set with simply- 
structured bristles. Adjacent and opposite lobes are usually 
closely opposed to each other, so that little or no passage is left 
(figs. 8 and 15). They may thus effectually block the passage 
of food from the crop through the gizzard to the stomach. 

The epithehum of the anterior part of the gizzard merges into 
that of the posterior. This posterior part projects far into the 
stomach and consists of one epithelial layer bounding the liunen 
and another which turns back from the apex of the projection 
parallel with the first and outside of it. This epithelium merges 
with the extreme anterior end of the stomach wall, in the region 
where the coeca originate. The Imnen of the projecting part 
of the gizzard is small and is almost obUterated, being reduced 
to a star shape by the projecting rounded folds of epithehum, 
which are smrounded by muscles. Occasionally I have found 
small black bodies in the cells here in preparations fixed in 
Flemming. The epithehum of the outer side bears small rounded 
chitinous bodies to which short spines are attached. 
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Stomach and coeca. The stomach extends from the gizzard to 
the pomt of entrance of the Malphigian tubules. In its normal 
position it is curved, and bent so that its posterior end is almost 
directly below its anterior end. It is crowded in the abdominal 
cavity, and is small in. proportion to the size of the animal and 
in proportion to the crop's size. From the anterior end arise 
eight coeca, each of which is of about a third the diameter of the 
stomach and of about half the stomach's length. The variation 
in size is very great, especially depending on whether the coeca 
are filled with food or not. Sometimes the coeca are as long as 
the stomach. The outer wall of the stomach is composed of a 
loose meshwork of muscular fibers, among which tracheae 
ramify. The same can be said for the outer wall of the coeca. 
The assertion of Jordan that the fibers of the muscle meshes 
only pass imder unspecialized cells seems to apply in the Ameri- 
can cockroach. In this way much of the surface is left free of 
striated muscle, which would, if present, hinder the passage of 
food materials from the epithelial cells into the body cavity. 

The epithelial cells are in general long and narrow as seen in 
either transverse or longitudinal section, and are similar through- 
out the whole length of the stomach. As in most insects, the 
inner edge is set closely with fine filaments which serve to pro- 
tect the epithehal surface (fig. 21). At very frequent intervals 
groups of immature cells are seen between the true epithelial cells 
and the muscular layer. These cells are small and closely packed. 
In many places all intermediate stages between them and adult 
cells are seen, as shown in figure 21, so it seems certain that there 
is a continual replacement of the mature cells, which often die 
and are cast, as I shall later describe. The epithelium usually 
shows but few adult cells in a group, and these groups more or 
less widely separated by the intermediate cells which take their 
places later. The surface of the epithelium may be flat or undu- 
lating, but is often raised into small vilh with U-shaped spaces 
between them, the so-called crypts of Frenzel. The ends of the 
villi may be smoothly rounded or bulged out considerably. 
The arrangement in villi allows a much greater surface for secre- 
tion and absorption. I agree with Biedermann that the crypts 
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are not glandular in function, but are adapted for efficient re- 
generation of cells. The membrane lining the wall of the epi- 
thelium is evidently cast at intervals, for it may be seen at 
various stages of disintegration. Such stages correspond to 
those described by Schroder. The spheres of secretion which 
appear on the surfaces of the cells will be discussed in a later 
section on the functions of the stomach. 

The structure of the epitheUum of the coeca is the same as 
that of the stomach in every detail. This shows plainly in sec- 
tions, which show the branching of the coeca from the stomach. 
In these cases it cannot be determined just where the coeca 
originate. I have seen practically no evidence of more secre- 
tion globules on the coeca epithelium, an observation which is 
surprising in view of the fact that several authors have de- 
scribed the (joeca as preeminently secretory organs, capable of 
producing most of the secretion found in the stomach. Later I 
shall show that not only are the histological structures of the 
stomach and coeca alike, but also the digestive functions. 

At the hinder end of the stomach the epithehum makes a cir- 
cular fold which partially constricts the passage into the small 
intestine. This may be considered as a valve. Schroder sug- 
gests that the purpose of it is to help roll up boluses of food 
matter and pass these on to the small intestine, instead of a 
constant stream. Backflow is somewhat prevented, too. 

Small intestine. The small intestine is very short and has 
a small lumen. Just behind the fold or valve at the hinder end of 
the stomach the high epithelium of this region gradually becomes 
lower and merges into the thin epithelium of the small intestine. 
At this point the Malphigian tubules enter in six great groups. 
The epithelium in this section consists of nearly cubical cells 
whose cell boundaries are hard- to make out. The layer of cells 
is very much folded. The chitinous intima bears small swellings 
surmounted by very short spines. The cell structure resembles 
that of the oesophagus. Surrounding the epithelium is a thick 
layer of apparently confused muscular fibers. The function of 
the small intestine is not absorptive, and it has never been so 
considered except by Frenzel and Deegener. The explanation of 

THE JOURNAL OP EXPERIMENTAL ZOdLOQY, VOL. 25, NO. 2 



Digitized by 



Google 



366 ELDON W. SANFORD 

their findings may lie in their considering cells immediately 
behind the stomach valve as intestinal cells, while they really ' 
belong to the stomach. 

Colon, The large intestine or colon is long and coiled in its 
position in the body. Its epitheUum consists of long, narrow 
cells which are thrown into rather regular folds. Under the 
folds tracheae and tracheal end cells may be seen. In the 
American cockroach the histological details may be seen well 
after using Flemming's strong killing fluid. On the contrary, 
in the oriental cockroach, the structure is spoiled by Flemming's 
fluid, as Petrunkevitch and Schliiter agree. In* any case Pe- 
renyi's fluid is satisfactory. The colon is divided from the small 
intestine by a fold or valve of the epithelium. The intima is 
raised into significant mounds over each of the cells, but no 
hairs are evident, as described for Blatta orientaHs. The func- 
tion of the colon is not absorptive, at least I have not found 
it so, nor have many other authors except Frenzel, and his ob- 
servations have since been disproved by later investigators. 
Simroth and Mingazzini have stated that certain sacs of the 
colon were absorptive in LamelUcorn larvae, but their descrip- 
tions indicate that there was no real absorption, but mere passage 
through pores. Berlese has described a similar case. 

Rectum, The rectum is the last part of the digestive canal 
and terminates at the anus. It is surounded by a thin muscular 
layer. The so-called rectal glands are six lobes of very long cells 
which bulge far out into the lumen. Their cells do not quite* 
reach the muscular layer, but leave small interspaces, in which 
tracheae ramify. The cells of the glands have a distinct intima, 
but no chitinous filaments. This intima is continuous between 
the glands and dips down almost to the muscular layer, there 
being almost no cells between. 

EXPERIMENTS IN PHYSIOLOGY 

Oesophagus, The function of the oesophagus is merely to 
conduct food into the crop or to retain it for a time if the crop 
is quite full. The thick intima evidently precludes all secretion 
and absorption here. No globules of absorbed fat were ever seen 
in the cells. 
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Salivary glands. Various investigators have found that the 
reaction of the saliva in Orthoptera is never acid, but may be 
neutral, as Plateau found in Blatta orientalis, or alkaline, as in 
Blattella germaniea. Jordan states that the saUva has about the 
same digestive power on carbohydrates that human saUva has. 

Crop. If we consider the function of the crop, there are two 
principal possibilities, 1) secretion and 2) absorption. A third 
possibiUty is storage of food, and this is no doubt an important 
factor,, enabling the cockroach to store here much of a very large 
meal and utiUze it during a foodless period of several days or 
weeks, especially during bad weather in its native home in the 
tropics. The large size of the crop is evidently an important 
factor in making them as hardy and prolific as they are. This 
is in accord with Jordan's theory that the manner of life brings 
about more variation in the foregut of insects than in the mid and 
hind guts. 

I have almost never found the crop entirely empty, though 
after three weeks of starvation in a clean glass jar it may con- 
tain nothing but a small amount of fluid. Under such condi- 
tions, they ingest various non-nutritious substances, such as 
wood shavings and tarsi and pieces of antennae of their mates. 
The content usually appears as a sticky gray mass. After they 
had eaten all they could of the red mass I fed them, their crops 
were very much distended, completely filling the thoracic cavity 
and more than half of the abdominal cavity, extending as far 
back as the fifth abdominal segment. The pressure caused the 
epithelium to bulge out between the muscle strands. Frequently 
this pressure was so great that a part of the food was regurgitated. 
Such a meal may last the cockroach two months or somewhat 
less, as found by dissection at various intervals. This surely 
shows that the crop is important as a storage organ. 

The epithelial cells are all alike histologically and show no 
special characters of secretion or absorption. Experiments to be 
described herein showed that secretion occurred in these cells, but 
methods of direct observation proved insufficient to determine the 
reaction of this secretion. The reaction of the content of the crop 
depends largely on the kind of Jood in the lumen, partly on the 
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secretion of the crop cells, somewhat on the secretion which flows 
in from the stomach, and partly on the secretion which the saliv- 
ary glands have poured in. It is certain that in the crop the neu- 
tral or alkaline secretion of the saUvary glands acts on carbo- 
hydrates and renders them soluble, as Jordan and others have 
estabUshed. 

To obtain information as to the reaction of the secretion of 
the epitheUum of the crop alone, I removed the crops from ten 
animals and placed them in normal salt solution, then sUt them 
longitudinally, and carefully washed out the contents. The 
crops were then ground fine in a mortar with 10 cc. of clean salt 
solution, and the mixture left two hours to make an extract. 
The mixture was then filtered and the filtrate tested. This fil- 
trate proved to be neutral to phenol-phthaleine and alkaline to 
litmus. This indicated definitely that the normal secretion of 
the crop is sUghtly alkaline. 

Though the crop secretion is alkaUne, I did not always find 
in my feeding experiments that the contents of the crop were 
alkaline after fatty food had been eaten for certain periods. 
Nile- blue sulphate is a good indicator in work with fats, for it 
stains fats blue and fatty acids red. I fed an animal a large 
amount of a paste of oUve oil and sugar, stained bright blue with 
the indicator stain. Three days later, on dissection, the whole 
content of the anterior crop proved to be deep red, while the epi- 
theUum was blue. The presence of red fatty acid in the lumen 
indicated that some agency, probably an enzyme, had acted on the 
fat to produce fatty acid. This process was more definitely ex- 
plained by a series of feeding experiments in which powdered 
htmus was mixed with the food eaten by the animals. If, when 
the crop was subsequently opened, the contents were observed 
to be red, they were considered to be acid in reaction; if blue, 
alkaline. 

Miall and Denny, Ramme, Jordan and Biedermann have 
maintained that the acid secretion f oimd in the crop after feeding 
was derived entirely from the stomach and coeca, which had 
flowed from them through the gizzard into the crop. Their idea 
is that a large part of the digestion occurs in the crop, but that 
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the enzjnnes came all originally from the stomach, coeca, and 
salivary glands. 

My investigations indicate that the findings of the above in- 
vestigators are partially correct, but not entirely so. The cru- 
cial experiment was the following. An almost starved roach 
was fed a large amount of a mixture of olive oil, powdered sugar, 
and blue litmus powder. Immediately afterward the abdominal 
cavity was opened and the crop tightly ligated just anterior to 
the gizzard. The operation was done carefully and without much 
inconvenience to the animal. The parts were replaced in as 
nearly natural conditions as possible, and the animal was left for 
twenty-four hours, then dissected in salt solution. The colors 
of the contents of the various parts were observed to be as follows : 
crop anterior to ligation, red and some blue merging into red; 
crop at ligation, blue; crop posterior to ligation, deep red and a 
little blue merging into red. The redness of the crop posterior to 
the ligation indicated, no doubt, that acid secretion had migrated 
thence from the stomach and through the gizzard. The distinct 
blueness at the ligation point indicated that the ligation had 
been successful, for if it had not been, the acid secretion of the 
stomach would have flowed in through the gap and the color 
would have been red instead of blue. The explanation of the 
redness anterior to the ligation is an interesting problem. Red- 
ness here means acidity, and the real question has to do with the 
origin of the acidity. Four explanations seems possible: 1) that 
some stomach secretion got into this part of the crop; 2) that the 
saliva from the salivary glands caused the acidity; 3) that the 
reaction of the food itself was acid, and 4) that the acidity was 
caused by the action of some secretion or enzyme of the crop 
itself. The first possibility need not be considered, for the tight 
and successful ligation, as mentioned above, prevented any flow 
from the stomach to this region. The second possibility is not 
valid, for all investigators hold that the saliva is alkaline or 
neutral. The third possibility is ruled out by the fact that sdme 
of the original paste was left in the feeding jar all through the 
experiment, and was as blue at the end as at the beginning. So 
the fourth possibility seems to be the true one, and the acidity 
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must be considered as derived from secretion or enzyme action 
of the crop. If it is derived from a normal and usual acid- 
secretion flo\^, thi6 secretion should be present after feeding of 
various foods. To test this a roach was fed a large amount of a 
paste of mineral oil, powdered sugar, and blue litmus powder, 
then the body cavity entered and a Ugation made as before, 
and the animal left twenty-four hours before dissection. The 
experiment was thus exactly the same as the preceding except 
for the substitution of the indigestible mineral oil for the di- 
gestible olive oil. In this second specimen it was foimd on dis- 
section that the crop posterior to the Ugation contained deep red 
material just as it did in the first specimen; but the crop anterior 
to the ligation was completely blue. We must now explain 
why acidity occiu^ in the crop after olive-oil feeding, but not 
after mineral-oil feeding. All other possibilities having been 
ruled out, it seems that the acidity must have come from some 
product of the olive oil. This oil is neutral in reaction, but one 
of its digestive products is acid, namely, the fatty acid, in this 
case mainly oleic acid. This acid seems to me to be the only 
possible cause of the acidity observed, and if it is present it indi- 
cates that the fat (olive oil) has been spUt to its components in 
the crop and under the influence of the crop alone, other possible 
influences having been eliminated. The fat-sphtting enzyme of 
the alimentary canal of animals is lipase. There seems good 
evidence that this Upase is secreted by the crop. Its piupose is 
to prepare the insoluble fats for use by changing or spUtting 
them to soluble products, capable of diffusion. 

The real test of a digestive process consists in digestions car- 
ried on outside of the body. This method also allows quantita- 
tive calculations and affords an actual and true comparison of the 
digestive power of various organs. It also gives an opportunity 
to decide whether Petrunkevitch was right in asserting that the 
crop is the most important organ in fat digestion or whether it is 
a mere subsidiary to the stomach, as so many authors have as- 
serted. Trials show that artificial digestions may readily be car- 
ried on. The test of the amount of digestion consists in titra- 
tion against alkaU. When fat is digested fatty acid is produced. 
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and the amount of acidity present at any stage depends on the 
fatty acid present, and is a measure of the extent to which fat has 
been split, or, in other words, how far its digestion has proceeded. 
Thirty animals were used in the crucial experiment. They had 
been starved for varying periods, so that httle food was present 
in the crops or stomachs. All receptacles used were cleaned by 
boiling at the beginning of the experiment and physiological pre- 
cautions were observed. The animals were all carefully dissected, 
the crops and stomachs removed, the crops put into one dish of 
normal salt solution, and the stomachs with their coeca into an- 
other. After the salivary glands were removed, the crops were 
slit longitudinally, and the contents carefully washed out with a 
soft brush. The thirty crops were rinsed and ground to a pulp 
in a mortar, 30 cc. of normal saline being added. This was left 
for two hours while the enzyme was extracted, then the soUd 
matter was removed by filtration. The filtrate (about 25 cc.) 
was made up to 30 cc. with saline and divided to three portions 
of iO cc. each in flasks. One portion was titrated at once 
against 1/20 normal NaOH, using, phenolphthaleine as an indi- 
cator, and found to be neutral. The flask containing another 
portion of 10 cc. was plugged and left three days at room tem- 
perature in darkness, then titrated. ^ This showed an acidity 
corresponding to 0.1 cc. of the alkali. This sUght increase in 
acidity over the original amount was due to bacterial or o her 
causes. To the third flask of 10 cc. of the extract was added 10 
cc. of pure olive oil (neutral by titration tests), the mixture was 
left three days in darkness at room temperature and shaken at 
intervals. It then showed by titration an acidity corresponding 
to 10.8 cc. of 1 /20 normal alkah. Comparing the flasks with and 
without ohve oil, there has been an increase in acidity corre- 
sponding to 10.7 cc. of alkah. The two flasks contained the 
same amount of the same Extract, and were treated similarly, 
but for the addition of the oil to one. Thus the acidity must 
have been derived from the ohve oil, and must represent the 
presence of fatty acid as a product of the oil. The presence of 
fatty acid indicated that spHtting of the fat had occurred during 
the experiment, or, in other words, that digestion of the fat had 
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occurred outside of the* body by the enzymes derived from the 
cells of the crop's wall. 

The thirty stomachs with their coeca were in general treated 
like the thirty crops. Their contents were pressed out through 
the open ends, and the coeca were punctured when it was impos- 
sible to remove their contents otherwise. The grinding, ex- 
traction of the enzyme, filtration, and division to three portions 
of 10 cc. was performed as described for the crops. Immediate 
titration of one portion showed an acidity corresponding to 0.3 
cc. of 1/20 normal alkaU. The other two portions were left 
three days as before, oil being added to one. The portion with- 
out oil titrated against 1.0 cc. of alkali, showing an increase of 
0.7 cc. due to bacterial or other action. The portion to which 
10 cc. of oil had been added titrated against 7.2 cc. In this case, 
then, there was an increase in acidity of 6.2 cc. over the control. 
This increase must have been due to digestion and production of 
fatty acid, as just discussed for the crop. This is just what all 
investigators would anticipate, I think, for all have considered 
the stomach as an important, organ for the preparation of food 
for the uses of the body. 

The above results show without question that fat is digested in 
the crop and stomach. They also afford us comparative values 
for the importance of the digestion in the two organs. The 
figures indicate that the €rop is more important than the stomach 
in the proportion 10.7 to 6.2. I shall later show that more than 
half of the effect of the stomach with its coeca is caused by the 
coeca, so the results really indicate that the crop is between 
three and four times as potent in fat digestion as the stomach 
per se. All question of individual variation is obviated by the 
fact that thirty animals were used together in the experiment. 
The crop is therefore the chief organ of digestion of fats, just as 
Petrunkevitch stated in 1900. 

In other experiments some extracts of enzyme were boiled. 
These were compared as to digestive power with unboiled ones. 
Such boiled preparations showed much less acidity in later stages 
of fat digestion than unboiled ones. The fact that the active 
agent of the digestion is destroyed by boiling is additional evi- 
dence of its enzymatic nature. 
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I attempted to use the soluble fat ethyl butyrate in a series of 
experiments similar to those described. In every case the acidity 
at the, end of the experiment was about the same as that at the 
beginning, so there was evidently something toxic about the fat 
which resisted the enzyme, as other workers have found in 
vertebrates. 

Absorption in the crop is not a generally accepted view at the 
present day. No author of the last decade has spoken decidedly 
in its favor; nevertheless, I believe it regularly takes place and 
is of very large importance. Plateati was the first careful in- 
vestigator in this field; he concluded that in the form he studied 
a large part of the absorption of food occurs in the crop. Jousset 
de Bellesme found similar results in his experiments with sugar, in 
which he seemed to prove that sugar entered the cells from the 
lumen by diffusion. Both of the latter investigators found evi- 
dence that starchy food does not soon pass into the stomach, but 
is retained by the crop to be digested and absorbed. In criti- 
cism, Cu6not and Biedermann have sought to disprove this by 
assuming that there is a continual passage into the stomach and 
subsequent rapid absorption; therefore but little is ever present 
in the stomach's lumen. 

Cu^not observed that the cells of the crop have a chitinous 
intima, while those of the stomach do not, so he reasoned that 
absorption should only occur in the stomach. His conclusions 
were not entirely verified by experimental work, so they cannot 
be accepted unreservedly. He fed colored fluids to Blatta, and 
foimd them after several days present in the stomach only. I 
have never been able to repeat this experiment, and I beUeve 
we must conclude that some of the colored matter he fed was 
absorbed by way of the crop during the several days the experi- 
ment lasted, so none was present there when the animal was 
dissected. 

Petrunkevitch in 1898 made a series of experiments in which 
he starved cockroaches twenty-four hours, fed them lumps of fat, 
and killed them after varying lengths of time. Large amounts of 
fat were foimd in the epitheUal cells, and progressively less with 
longer and longer periods afterward. The periods of time used are 
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not given. In some cases the cells were found so full of fat that 
they appeared as solid black, excluding all other structures from 
view. The fat found in the cells had evidently got there from 
the limien of the crop, seemingly through pores. It was really a 
clear case of absorption by diffusion. In late stages of digestion 
fat globules were found lying free in the pouches of the body 
cavity behind the epithelial folds. 

On the basis of Petrunkevitch's work, Sinety attacked the 
problem. He fed with fat fifteen hoiu^ and found fat beginning 
to appear in the cells. This is said not to be of special signifi- 
cance, but to represent fat which is absorbed from the blood by 
the cells and stored in them as reserve food material. His belief 
is that these reserves explain Petrunkevitch's figures. 

Schliiter also based his work on that of Petrunkevitch, but used 
a special feeding method, namely, smearing of fat on the body 
and reliance on the cleaning activities of the animals to get the 
food into the mouth. He found that fat appeared in the cells and 
also in the blood lacunae fifteen to twenty minutes after feeding 
began. He assumed that most of this must have gotten through 
the intimar and cells imchanged, for the spHtting of fat to soluble 
products and their absorption could hardly have occurred so 
soon. The appearance was only seen in those parts of the crop 
where fat actually lay against the cells. A compHcating factor 
was some residual fat, which was present in the cells when the 
experiment began. He never found cells completely filled with 
fat, but did find places where fat had rushed in from the lumen 
through a hole in the intima and had filled cells. Thus he ex- 
plains Petrunkevitch's appearances of completely filled cells. 
In other experiments he starved animals eight days and fed them 
fat one to three days. None was subsequently found in the 
cells, but it was found there after eight days of sugar feeding. 
This led to his assumption that fat is made from carbohydrate 
in the body and is sometimes stored as fat in the cells. 

Jordan in his text-book on digestion in invertebrates admits 
that much carbohydrate may be absorbed in the crop, but is doubt- 
ful as to fat, for the work of Sinety and Schliiter indicates that 
fat in the cells may be a product of metabohsm. 
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In my experiments I used animals which had been starved 
two weeks to be sure no residue of fat was in the cells. As a 
matter of fact, no intracellular fat could be found after six days' 
starvation. The animals were fed a paste of olive oil and pow- 
dered sugar, and were dissected and fixed in Flemming's fluid 
after varying lengths of time, prepared by the paraflSn method, 
and stained with acid fuchsin. In some cases Flemming's fluid 
was injected into the body cavity, but as this method gave no 
better results it was discontinued. In one series of experiments 
in fat breeding the following conditions were found in the cells 
of the crop : eight hours after feeding, small amounts of fat in the 
cells; after sixteen hours, small amounts; after twenty-four hours, 
moderate amounts; after thirty-two hours, large amounts; after 
forty-eight hours, maximum amounts, with many large globules 
of fat in the cells and in some cases the cells entirely black with 
fat to exclusion of all cell parts; after seventy hours, large 
amounts, the globules large and often seemingly in process of dis- 
solution (figs. 3 and 4). At later stages more or less fat is pres- 
ent in the lacunae behind the epithelium. Controls were tried 
with a paste of sugar and mineral oil, the latter oil being indi- 
gestible, but without getting pictures df fat globules in the 
cells. 

The following experiment also has an interest in this connec- 
tion. A cockroach was fed a large amount of a paste of oUve oil, 
sugar, and blue Utmus powder, then its body cavity was entered 
and its crop Ugated posteriorly. After forty-eight hours the ani- 
mal was killed and the alimentary canal preserved. The crop 
showed a red content anterior to the hgation and this part was 
preserved in Flemming. Histological examination of trans- 
verse sections revealed many globules of fat in most of the cells. 
This fat had been absorbed here, and prepared for al|sorption by 
the crop secretion, for the stomach secretion could not have gotten 
here past the Ugation. 

To test whether fatty acids really could be absorbed, oleic 
acid was fed in a paste with sugar. The animals were dissected 
at intervals and their crops preserved in Flemming's fluid. 
Black globules of osmicated fat were readily found in the cells 
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as follows: after eighteen hours, small amounts; after thirty 
hours, moderate to considerable amounts; after thirty-two hours, 
large amounts (fig. 6). So oleic acid is readily absorbed into the 
epithelial cells. The absorption is more rapid than in the case 
of fats, as might be expected, for fats must be split before ab- 
sorption, while with oleic acid this is unnecessary. 

In order to discover the relation between fats and fatty acids 
during the digestion of fat, a paste of sugar and oUve oil. was used 
as food; into the paste a generous amount of Nile blue sulphate 
was stirred. After three days the animal was dissected and the 
crop sectioned in a freezing microtome. The sections showed 
blue globules of fat in the epithelial cells. These were surely fat, 
for the stain colors fat blue, fatty acids red. Within the liunen 
of the crop and sticking to the intima a red mass was found, 
this was fatty acid derived from the fat eaten. In another case 
oil was stained bright red with Sudan III and fed. Subsequent 
frozen sections showed many red globules in the epithelial cells. 

I have already stated that in some cases a large meal of fat 
may not all be utilized until about two months later. In these 
cases there is a continual absorption of fat in the crop through- 
out the whole period, as I have demonstrated by making a series 
of preparations at various intervals through the period of utili- 
zation of a crop's content of fat. Figure 5 shows a stage two 
months after a large meal was eaten. Absorption is almost 
completed, though some recently absorbed globules are seen in 
the region of the cells nearest the lumen. Jhe middle region 
of the cells is occupied by large globules. The material of the 
globules is apparently being utiUzed, for the region between 
them and the body cavity is occupied by many small globules. 
These represent fatty material in process of passage (as soluble 
products) from the large storage globules to the blood in the 
body cavity. The large globules must represent storage products, 
ready to be utiUzed when needed. We have already seen that 
the lumen of the crop is important for storage of food, and now 
we see that the epithelium of the crop is important for storage, 
too, but in another sense. 
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A general survey of the facts I have described about absorption 
leads to the conclusion that the process of digestion of fat in the 
crop follows the usual course: fat is acted upon in the lumen of 
the crop by a lipase which in all probability comes from the cells 
as a secretion. This sphts it to fatty acid and glycerol in the 
ordinary way. The soluble products are absorbed and re- 
synthesized into fat by the cytoplasm of the epithelial cells and 
used by the body for its nourishment. As a first step in utiliza- 
tion, the fat passes from the cells to the blood plasma in the spaces 
behind the epitheUum, and from here is carried to all parts of 
the body by the blood. 

There is absolutely no doubt that the presence of fat globules 
in the epitheUum indicates that the cells have absorbed fatty 
material from the lumen. The globules are practically always 
present at appropriate intervals after fat is eaten, and appear 
imiformly throughout great regions of epithelium, giving the 
same pictures through whole sections and whole series of sec- 
tions in dozens of preparations. The globules may be seen in 
flat preparations and in transverse sections equally well, and 
may be demonstrated by staining with osmic acid, Sudan III, 
and Nile blue. Schluter would have us believe that any fat in 
the cells had got there from the lumejQ directly through slits in 
the intima. This might occur occasionally; but an examinatio^ 
of my figures and my several lines of proof as given above, to- 
gether with the great uniformity of my preparations and their 
agreement with those of Petrunkevitch, makes it absolutely cer- 
tain that the cells of the crop absorb fatty matter in large 
amoimts, and exhibit more and more of it in form of globules as 
digestion progresses. 

When a comparatively small amount of fat is eaten, it does not 
fill the lumen, but leaves part of the epitheUum untouched. This 
untouched part shows no absorption stages, wlule the cells on 
which fat Ues show fat within. Schluter found the same condi- 
tion. This fact is additional evidence of the absorptive power 
of the crop; if the fat reached the crop by way of stomach and 
body cavity (as several authors contend it always does) it would 
surely appear fairly equaUy in aU parts of the crop waU, and not 
merely in those regions which contain fat within. 
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Schliiter has emphasized that sugar may be synthesized to fat 
in the insect body. Such a process can in no way effect the ex- 
planation I have given of fat globules in the cells, even th ugh 
sugar was always present in the foods I fed. We have seen that 
a mixture of sugar and mineral oil used as food gave no subse- 
quent fat in the cells; if sugar could be readily synthesized to 
fat in these cells, the paste with sugar and mineral oil should 
give the same pictures as the paste with oUve oil. This is not 
the case. We may conclude that all intracellular fat is derived 
from the fat of the food. 

I have obtained indirect evidence that sugar is absorbed in 
the crop. Animals which had eaten a large amount of a thick 
paste of sugar and oil were dissected after two days. The food 
matter found in the crop consisted of clear, liquid fat only. The 
sugar of the food had gone, probably through absorption by the 
cells of the crop. The experiment suggests that the absorption 
of sugar occurs rapidly and in large amounts. 

Gizzard. The large teeth of the anterior gizzard would sug- 
gest a grinding function, especially since they are surrounded by 
a thick layer of circular muscles. Plateau was the first investi- 
gator of the significance of the gizzard ; he came to the conclusion 
that it served as a filter with a narrow Imnen, the various chit- 
inous projections, bristles, spines, etc., serving to hinder the 
passage of food. He admitted no trituration, for he found full- 
sized fragments of plant food and uninjured starch grains in the 
stomach after passing through the gizzard. Jordan and Ramme 
both state that the teeth move, not for masticatory processes, 
but for the mixing of food with enzymes and for crushing food 
particles to only a sUght degree. The mixing in of the enzymes 
quickens digestive processes by aiding penetration. Mingazzini 
reached his conclusions from general biological considerations, 
and states that the complicated gizzard of Orthoptera cannot be 
a mere filter. This view is expressed by Biedermann in Win- 
terstein's Handbuch. It is partly based on the assiunption that 
such rapid eaters as cockroaches must needs have some chewing 
device. However, I have already described the retention of 
food from passing the gizzard for several days after a rapidly 
eaten meal. 
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In my experiments I have never fed food consisting of large 
particles, so of course I have never observed any appearances of 
mastication. Food is almost never found between the points of 
the teeth. I have found considerable pieces of chitin in the 
lumen of the stomach; some small ones are shown in figure 19. 
These must represent reUcs of food which passed through the 
gizzard without being crushed much. I therefore agree with the 
majority of authors on the subject in not emphasizing the chew- 
ing action of the teeth. As the contour of the teeth may be 
such that they fit very compactly together, this part of the 
gizzard may act as a sphincter, though not as a perfectly tight 
one. Figure 8 shows the spaces which are usually present be- 
tween the teeth. It is not here that the main sphincter action 
of the gizzard resides. 

Food is found between the teeth and also in the regions of the 
secondary and tertiary teeth and other projections. The food 
is evidently guided from crop to gizzard by following in the 
narrow channels between the projections. The teeth must 
open somewhat to let the larger particles pass. The movement 
is peristalsis of the crop, which is often very powerful when ob- 
served in the Uving animal. 

As mentioned in the section on the crop, the gizzard is of 
importance in conducting forward the secretion from the stom- 
ach. For I have found an acid secretion in the hind crop be- 
hind ligations, and this seems to have flowed 'thence from the 
stomach. How the passage forward through the gizzard occurs 
has not been determined, but it seems probable that it flows in 
the narrow channels between the projections. These channels 
are the ones used later by the food in its passage backward. I 
have endeavored to demonstrate the forward passage of stom- 
ach secretion by injecting colored fluids into the stomach of 
the living animal. Such operations have always proved rapidly 
fatal. 

Ramme studied the flow of the secretion in various Orthop- 
tera, but not in the American cockroach. In some he found 
special passages which led from the origin of the coeca directly 
into the rear gizzard. I have studied serial sections of this 
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region in the species I used, and have uniformly found no evi- 
dence of such passages. It may be that in some Orthoptera 
the coeca are special organs of secretion, so that a more direct 
passage would be advantageous. In the cockroach the coeca 
show the same secretory power as the stomach; a direct passage 
for their secretion would, therefore, have no significance. 

The cushions of Miall and Denny deserve special attention. 
They are six in number and situated directly behind the pri- 
mary teeth (figs. 7 and 10). Their surface is provided with 
needle-like spines, and these are especially significant on the 
surfaces directly toward the lumen. A definite band of striated 
muscle runs from this surface outward and upward to be firmly 
attached to the thick chitinous intima of the anterior surface 
of the teeth (fig. 7). Wilde has described the cushions as nor- 
mally closed, their opposed surfaces fitting to form a tight 
joint. He considered that the tight closiu^ of the cushions 
prevented the passage of food until it is well groimd by the 
teeth. B^ch thought that the cushions not only pushed against 
each other, but also pushed up closely under the teeth. Ramme 
has also described a close joint by the pressing together of the 
cushions by action of the surrounding ring muscles. Petrunke- 
vitch has described the needles of the exposed surfaces as being 
attached inwardly to muscle fibrils, one fibril nmning to each 
needle. He beUeved that the contraction of the muscles caused 
movement of the needles by virtue of the attachment of the 
muscle fibrils to the bases of the needles. Ramme has ridiculed 
this view; he finds the muscles attached to the intima, not to 
the spines. 

I have made many series of transverse and longitudinal sec- 
tions of the gizzard, and never have I found the cushions closely 
appressed, and only in one case were they near each other. 
The cushions appear well separated from each other, as I have 
figiu-ed in transverse and longitudinal sections (figs. 7, 10, 15). 
As my preparations represented every stage of feeding and star- 
vation, we may safely conclude that in the American cockroach 
the close opposition of the cushions occurs rarely or never and 
has no significance in the retention of food. The cavity of this 
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region is practically always open for the passage of food. The 
appearances arie much clearer if studied in longitudinal sections; 
such sections were evidently not used by most investigators. 
For the study of the intimate structure of the cushions great 
care in preservation and the changing of reagents is necessary. 
Flemming's fluid often causes a loosening of the intima and the 
destruction of its structure. Any preserving fluid may do this, 
or insuflBcient dehydration, or too rapid passage into paraffin. 
Only after many trials was I able to demonstrate the fibrillar 
structures leading to the needles as Petrunkevitch has described 
them. I beheve that the other investigators took insufficient 
precautions with the material, thus destroying the intimate 
structure. Flemming's fluid is satisfactory if the material is 
left in it two days; Perenyi's fluid may also be used. It is 
necessary to use iron haematoxyUn as a stain, followed by picro- 
fuchsin. Even then many preparations do not show the desired 
structure, for the fibrils and their connections are to be seen 
only in a limited area, and it is only by chance that sections can 
be made in just the right plane. In well-preserved preparations 
it is clearly seen that the muscles of the muscle band divide to 
fibrils (fig. 11) which pass between the epitheUal cells and be- 
come little tendons. The tendons traverse the modified intima 
to attach to the socketed bases of the needles. 

The muscle bands are six in number, and run from the intima 
of the cushions outward and upward to their origin in the thick 
and comparatively immovable chitin of the anterior surface of 
the teeth. The muscles are long and well striated; their con- 
traction can cause little movement at their origins, so it must 
result in movements at the insertions in the cushions. The 
insertions are in the bases of the needle, and the sockets seem 
to allow them to move in response to muscular pull. Thus the 
structure certainly indicates that the muscles move the needles. 
A cross-sectional view of the muscle tendons which traverse 
the intima may be seen in sections cut nearly parallel to the sur- 
face of the intima, and just below its surface. Figure 12 shows 
such a picture: the tendons are seen within the matrix of the 
intima in the region between the epithelial cells and the surface 
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of the intima. Such appearances disprove beyond question 
Ramme's contention that the muscles terminate in the inner 
siuface of the intima. The fibers nm not only to the intima, 
but through it (as tendons) to its outer surface and to the needle 
bases (fig. 11). 

The needles are quite considerable in size, being 0.10 mm. to 
0.15 mm. in length. Ramme has said that their extreme min- 
uteness in comparison to the muscle structures precludes any 
mutual action, yet an examination of my figures reveals that the 
needles are much larger than the muscle fibrillae and tendons, 
and so connected with them that their movement by the tendons 
seems probable. The purpose of this movement is difficult to 
explain, but their position and arrangement suggest that proba- 
bly they aid in moving food along through the gizzard toward 
the stomach, as Petrunkevitch suggested. 

The region between the cushions and the narrow stomach 
passage is occupied by many folds of various sizes (figs. 7, 15, 
16). These are all provided with spines, many of them being 
so inserted that they can he flat on the siuface. Several of 
the folds usually he closely together, blocking entirely or par- 
tially the passage into the stomach. This arrangement enables 
them to hold back food, and I beUeve that in these folds the 
sphincter action of the gizzard is largely to be found. It is cer- 
tain that the gizzard does act as a very efficient sphincter, hold- 
ing back fluids for three days. We have seen that neither the 
teeth nor the cushions make a tight joint, so the only possible 
position for efficient retention of food is this rear part of the giz- 
zard. Moreover, this is a logical position for a sphincter, for 
it is only necessary to protect the small opening into the stomach, 
the narrowest section of the whole alimentary canal; while in 
the more anterior gizzard, a much broader cavity would neces- 
sarily be closed by any structure acting as a sphincter. The 
arrangement of the folds is shown in cross section in figure 16, 
and in longitudinal section in figure 15. In both cases it is seen 
that the folds are surrounded by a considerable muscle sphincter, 
which brings about the appression of the folds by its contrac- 
tion. The sphincter may be thicker than that which surrounds 
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the cushions. Its position seems to indicate that it is the effec- 
tive agent in making the gizzard the strong sphincter organ 
which it is. 

Jordan states that in some insects the posterior, projecting 
part of the gizzard may project completely through the stomach 
when it discharges food, so that the food enters the small in- 
testine and not the stomach. This adaptation results in pro- 
tecting the stomach cells, which have no chitinous wall like 
other parts of the alimentary canal, from actual contact with 
the food. In the American cockroach I find that these condi- 
tions do not hold. Two facts bear out this conclusion: 1) 
longitudinal sections of gizzard and stomach show that the giz- 
zard projects only a short distance into the stomach; even if 
the epithehal folds were flattened out it would fall far short of 
extending through the stomach; 2) when food which can be 
recognized is fed, it can be later found and identified in the 
stomach cavity. Therefore, it is certain that the fimction of 
the projecting gizzard is not to protect the stomach. 

Ramme's idea of the function of the projecting gizzard is 
quite the opposite of Jordan's. He worked on cockroaches 
and other insects and decided that the projecting part does not 
serve to protect the stomach epitheUum, but to direct food into 
a region of the stomach well below the coeca, these being di- 
verticula of the extreme anterior end of the stomach. He as- 
serts that the coeca are secretory in function, and that the 
hinder gizzard by directing the food into a region well behind 
them prevents their being clogged with food and so hindered 
in their secretory processes. I shall show that the coeca are 
not special secreting organs. Moreover, the fat I fed did enter 
the coeca in large amount. So the projecting gizzard does not 
serve to protect the coeca in Ramme's sense. It seems likely 
that the arrangement of parts prevents the hard and sharp 
pieces of food from passing into the comparatively delicate 
coeca. 

Stomach and coeca. Various investigators have discussed the 
question of secretion in the insect stomach, and especially in 
that of the cockroach. The first phase of the question con- 
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cems the reaction of the secretion which is formed. Perhaps 
the first investigators in this field were Zuerst and Basch in 1858, 
who found the secretion in the anterior stomach neutral and in 
the posterior stomach weakly acid. Bellesme said that the 
secretion found in the stomach is acid and is derived from the 
coeca. Plateau in 1874 foimd the secretion shghtly acid, but 
beheved this to be accessory to the actual digestion, which he 
compared with pancreatic digestion. He removed the coeca 
and opened them on blue litmus powder. The powder was not 
affected, so he stated that the coecal secretion is alkaline. Km- 
kenberg found the stomach secretion alkaline, while the acid 
secretion of the coeca flows into the crop to act on food there. 
More modem authors have uniformly found that the secretion 
of the stomach and coeca is acid in reaction. 

In my investigations I first used the method of feeding a paste 
of sugar and litmus powder and dissecting the animals after 
various intervals. The contents of the coeca and anterior two- 
thirds of the stomach are always distinctly acid, while the con- 
tents of the hinder stomach may sometimes be alkaline. I have 
already given my reasons for beUeving that the acid secretion 
of the anterior stomach has its action not only in the stomach, 
but flows forward into the crop to aid in digestion there. This 
secretion is partly derived from the coeca and is no doubt very 
active in digesting all kinds of food, for the stomach is an im- 
portant organ in secretion, digestion, and preparation of the food 
for the uses of the body. Schroder has proved that the coecal 
secretion has a digestive action on carbohydrates. 

To make the matter of the reaction of the stomach more 
definite I removed the stomachs and coeca from ten animals, 
washed them in normal salt solution, and pressed out their 
contents. The ten stomachs and their coeca were ground with 
10 cc. of salt solution and left for two hours. The mixture 
was then filtered and the filtrate titrated. The 10 cc. of the 
extract titrated against 0.3 cc. of 1/20 normal NaOH, thus in- 
dicating a distinct acidity. This shows that the digestive 
processes of the stomach occur in an acid medium. 



Digitized by 



Google 



PHYSIOLOGY OF DIGESTION IN BLATTIDAE 385 

The secretion, as Deegener and Jordan describe it, appears in 
little sacs which are formed at the ends of the cells and free 
themselves into the cavity. Holtz describes the pouring out of 
granules of secretion in Nematus. Steudel injected Congo red 
solution into the body cavity, and later found it appearing in 
more concentrated form in the extruded secretion sacs. Schro- 
der holds that the sacs or lobes are not actual secretion, but 
that the secretion comes from a broader region of the cell. The 
projections may be for the secretion's dispersal, he says, and may 
form a broader surface for it. 

VanGehuchten and Deegener have figured the release of 
spheres of secretion, and describe a cycle through which the 
secreting cells pass in three stages: 1) the formation of the sphere 
and its granular contents; 2) the completion of the sphere and 
its release; 3) the cell rests, meanwhile resembling a typical 
g)ithehal cell and probably being adapted to absorb soluble 
food substances. ' The process is described as continually going 
on, so that secretion is always ready for food when it arrives. 
The cells cannot form secretion spheres indefinitely long, but 
finally weaken and are cast loose with their last secretion sac. 
Several other authors have described the discharge of the oldest 
cells. 

The appearances on my shdes agree mostly with the observa- 
tions of Deegener. The sacs at the ends of the cells and with 
their granular content are common, and many discharged sacs 
are seen in the lumen. Many regions of the epitheUum show 
no signs of sac formation; these are in the resting stage. A 
density of the protoplasm near the ends of many cells indicates 
evidently a very early stage in the formation of a secretion of 
a secretion sac. All cells are able to secrete, provided they 
reach the surface, and the coecal cells show exactly similar sacs 
to those of the stomach, as we should expect from the similar 
histological structure. Both absorptive and non-absorptive 
cells are able to secrete. The absorbing cells are more active 
in secretion, perhaps because they are more mature. Every 
cell of a group of actively absorbing cells will very often show 
a large secretion sac. The presence of secretion is absolutely 
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necessary before fat can be digested and absorbed; in several 
cases I found the lumen full of fatty substance, but no secretion 
sacs in evidence, and therefore no absorption. This must 
mean that cells of a large region of epithelimn imdergo a resting 
stage at one time; the stomach may thus be actively secreting 
and absorbing while the coeca do neither, even if stuffed with 
food. Or the coeca may be active while the stomach is not. 
These observations give evidence that the stomach and coeca 
are similar in fimction, and that the coeca may be considered 
as expansions of the stomach which offer a large surface for 
digestive processes. It also seems clear that the enzyme which 
acts on fats in the stomach is entirely derived from the secretion 
globules of the cells. 

Jordan and others have found a fat-splitting enzyme in the 
stomach. Plateau found an emulsifying power, and Jousset 
showed the presence of an acid after the enzyme's action. J 
have verified that the enzyme is a true lipase, which spUts fats 
to fatty acids and glycerol. I will not here describe in detail 
my method of determining the lipolytic action of the stomach, 
for I used the same method as in the experiments on the crop. 
The stomachs and coeca of thirty cockroaches were extracted 
in 30 cc. of normal salt solution. Of the 30 cc. of the extract 
10 cc. were left in a flask at room temperature for seventy-two 
hours; to another portion of 10 cc. was added 10 cc. of olive oil. 
The mixture was shaken and treated like the first. Both were 
titrated against 1/20 normal NaOH. The portion without the 
ohve oil titrated against 1.0 cc. of the alkali, while the portion 
with the olive oil titrated against 7.2 cc. of the alkali. This 
showed that the equivalent acidity of 6.2 cc. of alkaU had been 
produced, from the olive oil, and left no doubt that a lipolytic 
action had occiured and had produced the extra acidity through 
the formation of fatty acid as a digestion product of the olive 
oil. 

The above results were obtained by using the stomachs and 
coeca together, so they did not make clear what separate parts 
the components took in the process. To determine this I dis- 
sected ten animals, removed the stomachs and coeca separately, 
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put them in separate dishes, washed in normal salt solution, 
and pressed out the contents. To the ten stomachs was added 
10 cc. of normal salt solution and the same to the eighty coeca. 
They were groimd to a pulp in separate mortars, left two hours 
for the extraction of the enzyme, then to each was added the same 
amount of oUve oil, and they were left seventy-two hours and 
titrated. The dish containing the coeca showed more acidity 
than the stomachs in the ratio 7: 5. 

As the histological structures of the stomach and coeca are 
the same, a truer comparison of their Upolytic fimctions would 
be expressed in terms of equal areas of their epithelial surfaces. 
Examinations of freshly dissected and of sectioned material 
reveals that the coeca have on the average half the length of 
the stomach, and a third of its diameter. So each coecum has 
one-sixth the surface of the stomach, and the eight coeca have 
eight-sixths the area of the stomach. Thus the ratio of the 
epitheUal areas of coeca and stomach is 8 : 6, and we have seen 
that the corresponding ratios of the hpolytic effects is 7 : 5. 
This close approximation is striking and makes it evident that 
the fat-spUtting action of the epithelium of the stomach and 
coeca per unit of area (or volume) is the same. The coeca are 
therefore not the special organs of secretion which various 
authors have considered them. 

The stomach and coeca are surely important organs for the 
secretion of digestive juices, at least as regards lipolytic action. 
Most authors have placed them first as secreting organs. They 
really occupy an important second place, the 'crop occupying 
first place and being about twice as potent in digestion, at least 
of fats, as the stomach and coeca combined. 

Absorption in the stomach has been demonstrated by all 
investigators of insect digestion. All agree that the cells of the 
stomach have the power of absorbing food in hquid form. The 
older writers endeavored to demonstrate the passage of fat 
globules as such from the lumen into the cytoplasm of the cells, 
but the fallacy of this is evident since it is known that fats are 
spUt to soluble products before absorption. The descriptions 
of the process vary greatly as given by various investigators. 
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Among the earliest is that of Miall and Denny, who state in 
their text-book that the digestive products pass from the lumen 
through the protoplasm of the cells to the body cavity. We 
now know that the protoplasm has a selective absorptive action. 

Petrunkevitch's opinion is, in brief, that'in the stomach only 
the oldest cells, between the regenerating places, can absorb. 
Thus only a part of the inner surface of the stomach epithelium 
is capable of absorption. Digestion is considered as not very 
powerful here, but occurring mostly in the crop. The coeca are 
described as being structured similarly to the stomach and capa- 
ble of absorption, but in less amoimt, for their function is mostly 
secretory. 

VanGehuchten has described in one form a ring of special 
absorbing cells. This probably is not present in most insects. 

Holtz has found that in Nematus the cells send out pseudopodia 
around the food and absorb it gradually. The pseudopodia 
are said to be distinct histologically and physiologically from 
the globules of secretion which are formed at the ends of the 
cells. 

Cu6not found fat absorption in the posterior two-thirds of the 
stomach and in moderate amounts. The coeca are said to have 
a strong absorptive power. He thought the midgut was the 
only part of the alimentary canal capable of absorption. 

Steudel in his work on cockroaches showed that only the non- 
secreting cells of the stomach were capable of absorption, and 
not the cells which were undergoing a process of formation of 
secretion globules. The unspecialized or resting stage is con- 
sidered as an absorptive phase, which alternates in the cell with 
a secretory stage. He found conspicuous absorption of fat in 
the stomach and some in the coeca. 

A great discussion has been waged over the question whether 
the stomach is the only organ capable of absorption. The ab- 
sence here of the chitinous wall present in all other parts of the 
alimentary canal has led many on a priori grounds to believe 
that here and here only is absorption possible. Cu6not in 1896 
stated that the stomach alone had the power of absorption- 
while the chitin of all other parts was impenetrable. Kowal, 



Digitized by 



Google 



PHYSIOLOGY OF DIGESTION IN BLATTIDAE 389 

ewsky and Metalnikoff have used the method of pigment feed- 
ing, and conclude that ahnost all of the absorption occurs in the 
stomach. Metalnikoff fed food containing an iron salt; while 
it was being absorbed he precipitated the iron as Prussian blue; 
he found absorption in the stomach only. 

Plateau, Petrunkevitch, and others, after thorough investi- 
gation, find the crop and important organ of digestion and the 
stomach of less significance. I have verified this, and further 
credence is given to this view by Sayce and others demonstrat- 
ing that osmosis can occur through a chitinous intima. 

My own investigations support those of Petrunkevitch. Fat 
is absorbed by the stomach cells and may be demonstrated in 
them by staining the tiny globules black by osmic acid. These 
globules first appear at very varying times after food is eaten, 
but no doubt only a comparatively short time after the food actu- 
ally enters the stomach, provided secretion globules are present. 
Experiments with colored food have, shown that fat may pass 
from the crop very soon into the stomach or may be entirely 
held back two or three days, even in animals which have been 
previously starved a long time. If the stomach is alone capable 
of absorption, as so many authors believe, it would indeed be 
hardly beUevable that an almost starved cockroach should be 
denied the power of absorbing or utilizing its food until several 
days after it has devoured it. What really happens is that the 
food begins to be absorbed and utiUzed by the crop soon after 
it is eaten. 

The cells of the stomach are differentiated into older cells and 
regenerating ones; only the older cells can absorb. These usually 
occupy only a limited part of the surface of the epitheUum, per- 
haps a third or less. The contrast between the absorbing cells 
and the others is striking, as shown in figure 21, where fat is 
being actively absorbed. Occasionally the upper ends of the 
neighboring cells may absorb a little fat. As this is only seen in 
the ends of the cells toward the lumen, it seems that fat is soon 
drawn from the neighboring cells through the lateral cell walls 
into the true absorbing cells. The cells which absorb most 
strongly secrete most strongly, as a rule, and there is almost no 
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absorption unless secretion globules from some cells are present 
to act on the fat. Rarely the epithehum is not specialized, but 
shows aU cells alike. In this case fat globules may be found in 
the ends of all cells 'but even here there is a tendency for certain 
groups of cells to absorb most of the fat. I cannot support 
Cu^not in his statement that only the posterior two-thirds can 
absorb, for I find fat in the cells of the extreme anterior stomach. 
Serial sections of the whole length of the stomach show similar 
cellular structure throughout the entire length and similar 
absorptive power. 

The coeca give the same pictiu^es as the stomach. Figure 20 
shows the arrangement in alternate groups of fat-absorbing cells 
and regenerating cells. I conclude that the coeca have approxi- 
mately the same absorptive power per imit of surface as the 
stomach does. The fact that the coeca both secrete and absorb 
in just the same way as the stomach indicates that they are to 
be considered as proliferations from the stomach merely for the 
sake of exposing more stomach epithehum to food. 

It does not seem to me at all probable that the limited amount 
of fat absorption observed in the stomach can be all the body is 
capable of. Only a part of the epitheUiun can absorb, and, 
moreover, more than half of my preparations of stomachs with 
fat in their liunina showed httle or no absorption in the cells. 
This was due to lack of secretion or some other deterrent factor, 
and goes to show how irregular and comparatively shght is the 
absorption of fat in the stomach as compared with absorption 
in the crop, where I was practically always able to find good 
absorption stages at appropriate intervals after feeding. 

The stomach of Dytiscus gives very similar pictures to that 
of the cockroach, though the coeca are small and nimierous. A 
specimen was fed suet and dissected after three days. The 
stomach epithehum showed a<bsorption of fat in groups of absorp- 
tive cells separated by regenerating cells, just as in the cock- 
roach. The coeca also showed the same structure and absorptive 
power as the stomach. 



Digitized by 



Google 



PHYSIOLOGY OF DIGESTION IN BLATTIDAE 391 

In connection with the question of digestion in insects, a strik- 
ing phenomenon has been described as occurring in the tracheae 
of the aUmentary canal. This is the question of the presence of 
fats and other substances in the tracheal tubes after feeding, which 
has been under discussion more or less for about seventy years. 

In 1847 Alessandrini noticed indigo in the tracheal tubes of 
moth larvae after they had eaten food containing indigo, both in 
the tracheal and cells and in the lumen of the tubes. Stimu- 
lated by this finding, Bassi did further work on the same material 
and concluded that Alessandrini's work was correct, but that 
only certain animals, and often only certain parts of these, 
showed the phenomenon, continuing to show it not only through 
the larval, but also the pupal and adult stages. 

Blanchard injected pigments into the body cavity and found 
them later lying along the inner surfaces of the tracheal walls. 
He beUeved that they were carried there by the blood stream 
and named the process * peritracheal circulation.' His results* 
were quite imiform, and he considered the variability of Bassi's 
results to be due to variation in the amount of. stained food 
previously eaten. 

Soon after this Agassiz started his investigations on the prob- 
lem and arrived at the conclusion that there are two sorts of 
tracheae, one respiratory and one circulatory, the two differing 
considerably histologically. These findings have not been 
substantiated by other authors. 

Sadones found that there are, however, two distinct kinds of 
tracheal endings, one in the epitheUum and one in the tissue 
below. Petrunkevitch has verified this. 

Faussek described in certain insects tracheal tubes which enter 
the epithelium of the stomach and possess a distinct lumen 
bounded by plasma and normal nuclei, but no chitinous boundary. 
These were stated to end in sacs bounded by one or two nuclei. 
The appearances of sacs have since been criticized, and I agree 
with the critics that the sacs were probably artifacts caused by 
diffusion or currents. Free ending of tracheae were also de- 
scribed. This is in disagreement with the ideas of most investi- 
gators except Vieweger. The latter has described free intracel- 
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lular endings of tracheae in the cells of various tissues; these 
tracheae are said to branch in the plasma of the cells, some 
of the brachlets passing into adjacent cells. I have never been 
able to find any such striking appearances in my preparations. 

Petrunkevitch described the end cells of the tracheae, and fig- 
ured the two types which 'occur; one type forms an integral part 
of the epitheUum of the crop and resembles the other cells ex- 
cept for its narrowness and the tracheal connection below; the 
other type lies immediately below the ordinary epitheUal cells 
and does not extend to the intima (fig. 2). Within each type of 
cell may be found the minute ending of the lumen of a tracheal 
branchlet. The tracheal tubes are bounded throughout by peri- 
tracheal cells, in which nuclei are always visible, but whose cell 
boundaries are not defined. 

Petnmkevitch has also described four very interesting appear- 
ances which occurred in preparations made at intervals after fat 
liad been fed. These four phenomena are: 1) the presence of 
many tiny globules of osmicated fat in those tracheal end cells 
which form an integral part of the epithehum, the globules being 
identical with those of the ordinary cells, and evidently repre- 
senting fat absorbed from the lumen; 2) fat in the tracheal 
tubes, usually lying along the inner walls of the tubes and upon 
the coils of the spiral, supporting structures, and even moving 
along the spirals or moving out into the liunen to lie in a sticky 
deposit there; 3) the presence of globules of osmicated fat in the 
peritracheal cells; 4) the presence in the lumen of certain tubes 
of a sticky deposit which resembled the contents of the crop's 
lumen, and which sometimes contained leucocytes and fat glob- 
ules. These four appearances were described as representing 
four stages in one process which occurred as follows: The at is 
absorbed by the tracheal end cells and passes from their cyto- 
plasm into the minute terminal lumina of the tracheal tubes. 
In these the fat tends to lie on the spirals, and to proceed along 
the tubes in a spiral course by slipping along the spirals. It is 
now absorbed by the peritracheal cells and utilized by them. 
Not only fats are passed into the tracheal tubes through the 
tracheal end cells, but also other foods, and these appear as a 
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sticky mass in the lumen. This mass was called chyme; it often 
contained cells which exactly resembled leucocytes. These cells 
seem to devour fat and other foods. 

Schliiter employed methods somewhat similar to those of 
Petrunkevitch, but has disagreed with him in almost all the de- 
tails described. He is unable to find any evidence of absorbed 
fat in the epitheUal or tracheal end cells. I have carefully ex- 
amined the data of his experiments which he has published, and 
I find that .the time intervals he used were so chosen that only 
in a very few cases would absorption probably be in evidence. 
In only two of his experiments as given would significant ab- 
sorption be expected, judging from my results. These two 
experiments apparently represented single animals, so it seems 
that the chance individual variation of a very few animals 
from the usual absorptive fimction really explains Schliiter's 
denial of absorption in the epithehal and tracheal end cells. 

Schliiter assumed that appearances of fat and chyme in tracheal 
tubes indicated a chance pushing or shpping of substance from 
other regions into the tracheae during sectioning of the material 
or preparation of the sUde. Or the contents of the tubes may 
have entered them by capillary action during dissection. 
Schliiter's final objection is that as such appearances have no 
reason nor physiological explanation, they have no actuahty. 

In my first experiments I found stages which corresponded very 
closely with those of Petrunkevitch. I used animals which had 
been starved two weeks and fed them a paste of oUve oil and 
pulverized sugar. The animals were removed after certain in- 
tervals and dissected, immersed in normal salt solution. The 
crop was sUt longitudinally so that the contained food might 
float out, the tracheal trunks of the crop were cut and the crop 
was removed and placed in Flemming's fluid. Flat mounts of 
the wall of the crop were made and also paraflSn sections. Such 
preparations revealed the presence of black fat in the tracheal 
tubes, either in some of the smaller tracheae or in both large and 
small tracheae. The pictures corresponded so closely with 
those of Petrunkevitch that I believed I had verified his work, 
and I so stated in a preliminary paper. 
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In attempting to analyze the explanation and significance of 
the intratracheal fat, I soon found that if I bathed a cockroach 
in oUve oil, the oil entered the spiracles readily and filled some 
of the tracheal tubes to a considerable extent. Schliiter has sug- 
gested, too, that some fat might enter the spiracles. This 
showed plainly that in work with tracheal tubes a new factor 
must be considered, namely, the sucking action of the tubes 
due to negative pressure. This factor was not used or elimi- 
nated in experiments by previous authors, and I now realized 
that I must always consider it in further experiments. 

Moreover, the fact that oUve oil enters the spiracles affords an 
entirely new method of attacking the problem. The oil enters 
during the bathing process because it is sucked in by the respira- 
tory movements which cause negative pressure within; oil is 
sucked in until pressure is equalized throughout the tubes, so 
that all air which is contained in the tubes is now at atmospheric 
pressure. The animal may now be bathed in the oil until it dies 
through suffocation due to blocking of the spiracles and therefore 
its breathing movements cease. Complete equaUzation of pres- 
sures throughout the tracheal system is then assured, and conse- 
quently there can be no subsequent sucking action. Knowledge 
of this process allows a new method of investigating whether or 
not fat is normally present in the tracheae after stained fat has 
been eaten. For an animal can be bathed in oil which con- 
tains a stain of contrasted color to that of the stain which the 
food contained, this differently stained oil used for bathing will 
then enter the spiracles and equalize the pressures in the tubes, 
so all possible danger of sucking action in them during subse- 
quent dissection is obviated. As red oil was used in feeding, 
green oil would be ideal for the bathing process. However, no 
briUiant green stain for fat was available, so I used a green solu- 
tion which was found to enter the spiracles and tubes just as 
oil did. This was a mixture of equal parts of glycerin and 70 
per cent alcohol, and saturated with brilUant aniline green. By 
using this mixture to bathe until they died animals which had 
previously eaten red fat, it is evident that the following set of 
conditions would be given: green fluid in the main trunks, pre- 
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venting entrance of any other substance from without; air in the 
remainder of the tubes at normal pressure, so there is no danger 
of sucking action anywhere even if tubes are injured or cut; red, 
if any, in the tubes, indicating a normal content of red fat in the 
tracheae due to metabolic processes and by no chance to the 
conditions of the experiment. The actual set of experiments is 
the following: 

One himdred and twenty-six cockroaches were fed a paste con- 
taining powdered sugar, olive oil, and Sudan III, these were re- 
moved at intervals. Eight hours after feeding three of them 
were removed from the jar, their necks were tightly hgated with 
silk to prevent any fluid used in the experiment from being 
swallowed, and they were immersed in the green mixture of gly- 
cerin and alcohol. After a short period of extreme activity, the 
animals died by suffocation, due to the liquid entering the 
breathing tubes; they were then removed from the green solution, 
washed, and dissected. It was found that the green had pene- 
trated a considerable distance into the tracheal trunks, it had 
been drawn in by the sucking force present in the tubes before 
the animal died. The presence of this green fluid in the tracheae 
during the dissection prevented the entrance of any other sub- 
stance into the tubes, not only by way of the spiracles, but at 
any place, for pressures were equalized. The tnmks were cut 
in the region containing the green and the alimentary canal was 
carefully removed without injuring the wall of the crop. It was 
mounted in toto in glycerin and examined microscopically for 
the presence of any red substance in the tubes; such red substance 
would if present mean that red fat had been derived normally 
from the food in the crop's lumen. But no red fat could be 
detected in the tubes. 

Three more of the animals were removed and treated similarly 
sixteen hours after feeding, three more at twenty-four hours, and 
three more at the end of eight eight-hour period throughout two 
weeks. In none of the 126 animal used could distinct redness be 
observed in the tracheae. Other animals were fed and dissected 
under the same conditions except for the fact that the crop was 
Slit longitudinally during dissection; these showed no red sub- 
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stance in their tracheae, nor did a series of animals which were 
treated similarly but for the fact that their crops were preserved 
in Flenmiing and sectioned; microscopic examination of sec- 
tions of this material revealed no osmicated fat in the tracheae. 
The experiments had comprised all usual digestive pe iods 
and had included so many animals that individual variation and 
other complicating factors were negligible. The result was con- 
sidered final and definite; it was certain that fat did not nor- 
mally enter the tracheal tubes, as I had previously thought. I 
realized that all the fat I had seen in tracheae in earlier prepa- 
rations must have come from an abnormal soiu^ce. 

I next attempted to analyze why my earlier experiments, like 
Petrunkevitch's, showed fat in the tubes, while more careful 
controls did not. From previous observations with colored fat I 
knew that oil might enter the cut ends of large tracheal trunks, 
but obviously this did not explain why Petrunkevitch and I had 
found fat present in only certain small branches and groups of 
branches. Another factor had obviously been acting. In at- 
tempting to explain this I performed the following experiment: 
An animal which had eaten some red paste two days before 
was pinned, while still active, dorsal side down on a dissecting 
pan. The spiracles were then thickly smeared with celloidin 
solution. This soon dried and formed a complete film over all 
the spiracles, thus preventing the entrance of any substance 
into the tracheal trunks within. The passage of air was pre- 
vented, but the still living ammal performed to some extent 
breathing movements. The result of these movements is suc- 
tioir, but nothing could be sucked in, so the suction existed in 
the tubes without any possibihty of anything being sucked in. 
The animal's body wall was carefully slit and pinned to the side 
without dirturbing the tracheae. Now the wall of the crop was 
slit longitudinally. This necessarily involved cutting many of 
the tracheal branches of various sizes which ramify over the 
crop. As soon as the animal was surely dead, the crop was re- 
. moved and its outer surface examined microscopically. The 
small tracheae which had been unavoidably cut were especially 
observed, and it was found that some of them contained red fat' 
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in the region of the cut ends and for a distance beyond. This 
surely did not represent a normal process, but resulted from 
some factor which had been acting through the experiment. It 
seems certain that the negative pressure in the tracheae, as men- 
tioned above, had exerted a sucking action at points where open- 
ings were made. Such openings were made when the crop was 
slit longitudinally, and as a result the substance at the cut end 
(in this case olive oil) had been drawn in. This experiment was 
repeated on other animals and showed conclusively that the fat 
which Petrunkevitch and I had found in minute tracheae in our 
preparations had been sucked in by the tubes through their cut 
ends during the dissection, and was therefore no normal content, 
but an artifact. We had easily overlooked it because such small 
structures were involved and because we had used colorless fats. 
It was interesting to explain why Petrunkevitch found fat in the 
tubes only at considerable intervals after feeding, while I found 
it at many stages. This is simply due to the fact that Petrunke- 
vitch fed solid fat which required some time to be liquefied and 
changed to fatty acid and thus made capable of being sucked into 
tubes. In my work, liquid fat or fatty acid was always present 
in the crop after feeding, and it was thus always possible that it 
be drawn into the tracheal branches by suction, no matter at 
what period after feeding the cut was made. 

The above experiments demonstrate that fat in tracheal tubes 
is abnormal; its presence may be accounted for in three ways: 
1) Suction of fat through minute tracheae which are cut when 
the crop is opened in dissection; this suction may occur centrif- 
ugally or centripetally; 2) suction through large tracheal trunks 
and through spiracles; 3) capillarity. These three factors seem 
sufficient to explain the pictures of the several investigators who 
have so long discussed the problem; they indicate that fat is 
never normally present in the tracheal tubes. 

The other three appearances which Petrunkevitch described 
and figured must now be explained, and, firstly, the globules of 
osmicated fat in the tracheal end cells. I have verified this in 
various preparations. These cells resemble in structure the epi- 
thelial ceUs, so it is natural that they absorb soluble food products 
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in the same way. It cannot be definitely stated whether the fat 
gets merely into the end cells or also into the first of the peri- 
tracheal cells, for cell walls are indistinguishable. I do not 
believe that fat ever gets from the cytoplasm of the tracheal 
cells into the lumen of any tracheae. 

The fat globules found in the peritracheal cells are easily ex- 
plained. They only appear occasionally in my slides, for the 
cytoplasmic layer is very thin in the American cockroach (fig. 
14), and not of such thickness as in the oriental cockroach. The 
peritracheal cells are bathed by the blood which fills the body 
cavity, and they take from the blood the food products which 
they need. The blood contains much fatty substance after fat 
has been eaten, and this substance may readily be absorbed by 
the peritracheal cells and reorganized to fat, which appears in 
globules in the cytoplasm. Similar globules may also be seen in 
the cells of the Malphigian tubules, which are similarly bathed 
by the blood. 

The last phenomenon described by Petrunkevitch is the pres- 
ence of chyme and leucocytes in the tubes. I have found such 
chyme present in practically all my preparations of the crop, and 
leucocytes were often present in it (fig. 14). It was present 
even in the most careful controls, where the animals were im- 
mersed in the green solution before dissection; it usually appeared 
in some of the smaller tracheae, but sometimes in the larger ones. 
There is no doubt that the presence of a sticky deposit is a 
common occurrence in some tracheae of American cockroaches. 
Its origin is very difficult to explain. In view of experiments al- 
ready described, it is certain that it does not enter the tubes 
through the tracheal end cells. My explanation is only tenta- 
tive and cannot be tested experimentally nor verified by obser- 
vation. It is weU known that many Orthoptera have difficulty 
in moulting, often dying or sustaining injuries in the process. 
It seems possible that during the moulting of cockroaches slight 
disturbances might cause rips or breaks in the tracheae. This 
would be fatal if it occurred much in the larger tracheae, but 
might cause Uttle inconvenience if it happened in the smaller 
branches. Blood would then fill the torn branches with its con- 
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tained leucocytes. The deposit in the tracheae is always much 
thicker than blood; it may be that some of the water diffuses 
out of the blood in the tubes. Perhaps the leucocytes ingest 
some of the unnatural substance present. The following experi- 
ment was performed to determine whether leucocytes might 
enter tracheal tubes which contained rn urmatura' substance. 

A normal animal was immersed in olive oil which was stained 
red. The animal was dissected, and the tracheal trunks were 
foimd to contain much red fat. A piece of one, filled with fat, 
was removed and inserted into the body cavity of another 
normal animal. This animal was dissected three days later; the 
red trachea was removed, preserved in Flemming and sectioned. 
The tube was found to contain many leucocytes which had en- 
tered in response to the unnatural substance, and were ingesting 
it, as evidenced by the globules of ingested fat in their cytoplasm. 
The result of the experiment suggests that leucocytes may enter 
any rips which occur in the tracheae and may ingest any foreign 
material there, whether fat, thickened blood plasma or other sub- 
stances. Such a theory is incapable of proof. It is almost 
certain in any case that the chyme is not to be considered as a 
really normal content. 

My investigations have shown that three of Petrunkevitch's 
four striking appearances represent usual conditions, his slides 
agreeing closely with mine. Therefore Schliiter's absolute and 
critical denial of his observations is unjustified. As to the 
interpretation of these four observations, I am convinced that 
they represent four distinct processes, two of them normal, 
and not four stages in one process, as Petrunkevitch thought. 

Blanchard's 'peritracheal circulation' theory should be consid- 
ered here. In order to test whether substances really can pass 
from the blood into the tracheae, as Blanchard described, vari- 
ous substances were injected into the body cavity and later 
searched for in the tracheae. Such injections had little or no 
toxic effect. The best substance to use is phenol-sulphone- 
phthalem, which passes through the body dissolved in the body 
fluids* The presence of this stain could not be detected in the 
tubes at any of several periods after injection, though the stain 
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was absorbed by the stomach and intestine. Perhaps Blan- 
chard's conclusions of 1849 may be due to poor definition of 
tracheal lumen and peritracheal cells on his slides. My experi- 
ments support Petrunkevitch in stating that there is no evident 
peritracheal circulation in the cockroach. 

In conclusion, I wish to thank Professor Petrunkevitch, under 
whose direction the work was done. I wish, too, to thank Pro- 
fessor Mendel for his advice concerning some of the experiments, 
and Professors Osborne and Mendel for some of the reagents 
used; also Mr. W. S. Sturges for assistance with the titrations. 

SUMMARY 

1. The crop is the principal organ of digestion in the cockroach. 
Its enzyme splits fats to soluble products. The progress of 
digestion may be observed by giving food containing indicator 
stains. Digestions may be carried on outside of the body, and 
quantitative estimations of the amount of digestion may be 
made by titration. Such tests show that the crop is at least 
three times as active as the stomach in fat digestion. 

2. The crop is the principal organ of absorption of fats. The 
process is rather slow and reaches a maximum two days after the 
fat is eaten. The absorption of one large meal may take two 
months. All cells of the epithelium of the crop can absorb; the 
cells may store globules of fat until it is needed. 

3. The crop is an important organ for storage of food; it may 
store enough to supply the needs of the animal more than two 
months. 

4. The gizzard has an important sphincter action, and may 
withhold food from the stomach several days. The sphincter 
action resides in the folds which protect the passage from the 
gizzard into the stomach. 

5. The needles on the six significant folds or cushions of the 
posterior region of the gizzard are moved by special muscle 
fibrils and tendons derived from long strands of striated muscle. 
The function is difficult to ascertain, but possibly they aid in 
moving food through the gizzard. 
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6. The coecal epithelium has the same function and histological 
structure as that of the stomach. It exhibits somewhat more 
surface than the stomach, so that the digestive (enzymatic) power 
is somewhat greater than that of the stomach. The secretion 
appears as little spherical sacs released from the cells. 

7. The stomach and coeca absorb food in groups of absorbing 
cells. These groups are separated by groups of undifferentiated 
and immature cells which will later take the place of the older 
ones as they are cast at intervals. 

8. The tracheal end cells absorb fatty products from the lumen 
of the crop, and the peritracheal cells absorb them from the 
blood. The tracheae themselves never contain fat normally. 
The presence of fat and other substances in the lumina is due to 
imperfect methods of preparation. 

9. Certain tracheae of practically all animals contain a sticky 
substance whose origin is uncertain. Leucocytes are often 
present in this substance. 
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PLATES 



ABBREVIATIONS 



AE, group of absorptive cells of 
stomach 

AMf anterior muscle sphincter of giz- 
zard 

CAf group of absorbing cells of caecum 
containing absorbed fat 

CCf cells of epithelium of cushion 

CEj epitheliimi of caecum 

CH, chitinous pieces in lumen of 
stomach 

CUy cushion 

DCf deposit in tracheal tube 

EC, epithelium of crop 

FC, muscle fibers of crop's wall 

IC, intima of cushion 

lEf intermediate cells of stomach epi- 
thelium 

LC, leucocyte 



MBf fibers of one of the six muscle 

bands 
MF, fibrils derived from fibers of one 

of the six muscle bands 
MTj tendons derived from muscle 

bands 
NEf needles 
PC, peritracheal cell 
PM, posterior muscle sphincter of giz« 

zard 
PS, passage from gizzard to stomach 
PT, primary teeth 
RF, radial muscle of crop 
ST, secondary teeth 
TT, tertiary teeth 
TC, tracheal end cell 
YC, young and embryonic cells of 

stomach epithelium 
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PLATE 1 

EXPLANATION OP PIGURES 

1 Section of wall of oesophagus, showing the processes of its surface, the 
intima, the cells, and a few muscle fibers. Flemming. Acid fuchsin. 525 
diam. 

2 Transverse section through the wall of the crop, showing the cells and the 
intima, the ends of tracheae and the attachment of a radial muscle to the intima. 
Flemming. Acid fuchsin. 325 diam. 

3 Transverse section through wall of the crop, showing the result of absorp- 
tion of fatty material thirty-six hours after ingestion of olive oil. The cells 
contain many globules of osmicated fat. Flenmiing. Acid fuchsin. 325 diam. 

4 A later stage of the same process. The cells contain a maximum amount 
of absorbed fat. Flemming. Acid fuchsin. 325 diam. 

5 Transverse section of crop of animal which had eaten a large meal of 
olive oil two months previous to fixation; no other food was given. The cells 
contain globules of stored fat, which are being gradually broken down and util- 
ized. Flemming. Acid fuchsin. 325 diam. 

6 Section through wall of crop, showing the result of absorption of oleic 
acid thirty-two hours after ingestion. Flemming. Acid fuchsin. 325 diam. 
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PLATE 2 

EXPLANATION OP FIGURES 

7 Longitudinal median section of gizzard, showing the heavy teeth, the 
cushions behind them, the folds of the posterior part, and the passage to the 
stomach; also the circular sphincter muscles of the anterior and posterior regions 
and two of the longitudinal muscle bands. Flemming. Iron haematoxylin and 
picro-fuchsin. 35 diam. 

8 Transverse section of anterior gizzard, showing the teeth and the sur- 
rounding circular muscles, also the six longitudinal muscle bands in cross sec- 
tion. For details of the region between the teeth see figure 9. Flemming. Acid 
fuchsin. 35 diam. 

9 Transverse section of the secondary and tertiary teeth of the anterior 
gizzard; showing also the epithelium and circular muscles. Flemming. Acid 
fuchsin. 90 diam. 
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PLATE 3 

EXPLANATION OP FIGUBES 

10 Transverse section of the gizzard in the region of the six cushions, showing 
the passage of the lower ends of the six muscle bands through the cushions to the 
needles on their surfaces. Flemming. Iron haematoxylin and picro-fuchsin. 
35 diam. 

11 Detail of the connection between the muscles and the needles of the 
cushions. It is shown that the striated fibers divide to fibrils, themselves stri- 
ated. These pass through the epithelium and become tendinous. The tendons 
cross the matrix of the intima and insert in the bases of the needles. Flemming. 
Iron haematoxylin and picro-fuchsin. 200 diam. 

12 Section through intima of a cushion, nearly parallel to surface, showing 
in transverse and diagonal section the tendons which traverse the intima. 
Zenker. Iron haematoxylin and picro-fuchsin. 90 diam. 

13 Surface view of a group of bristles of the cushions, showing the chitinous 
projections to which they are movably attached. 200 diam. 

14 Section through a tracheal tube which is filled with coagulated deposit, 
in which leucocytes may be seen. Flemming. Acid fuchsin. 350 diam. 
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PLATE 4 

EXPLANATION OF FIGURES 

15 Longitudinal section through hinder end of the gizzard, showing the 
closely appressed folds of the inner wall and the thick surrounding sphincter 
muscle, which seems to make a tight closure. Flemming. Acid fuchsin. 3o 
diam. 

16 Transverse section of the same region, showing the folds almost closing 
the passage, and the surrounding sphincter. Flemming. Acid fuchsin. 60 
diam. 

17 Transverse section of the wall of the crop, showing in one place an ab- 
normal appearance or 'lesion* of the epithelium. Flemming. Acid fuchsin. 
325 diam. 

IS Surface view of epithelium of the crop, showing unusual conditions. 
Several binucleate cells are present, and also a region of cytoplasm where cell 
walls are lacking. Perenyi. Ehrlich's haematoxylin. 200 diam. 

19 Transverse section of stomach two days after ingestion of fat. The 
epithelium shows frequent dark regions which indicate absorption of fat here. 
The lumen of the stomach contains oil drops, pieces of chitin, and other sub- 
stances. Flemming. Acid fuchsin. 35 diam. 

20 Transverse section of a caecum, prepared in the same way as the stomach 
of figure 19, and showing a similar condition of fat absorption. 35 diam. 

21 Transverse section of epithelium of stomach's wall after ingestion of fat, 
showing in more detail the groups of cells which absorb fat, and also the em- 
bryonic cells which continually make new ceils to replace the lost ones. Flem- 
ming. Acid fuchsin. 200 diam. 
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PRELIMINARY 

It is a fact familiar to all physiologists that a number of chemi- 
cal complexes which are of great importance in medical practice 
have thus far defied chemical analysis. Drugs of this type must 
consequently be subjected to biological standardization. In the 
following pages we shall point out the disadvantages of certain 
standardization methods now in use and describe a new method 
for the assaying of pituitary extract which we believe to have 
advantages both in economy of material and time and in the 
uniformity of the standardized product. The application of the 
new method to drugs other than pituitary extract appears to be 
merely a question of technical detail. 

PREVIOUS METHODS 

In the two methods which are at present used for the assay- 
ing of pituitary extract the strength of the drug is tested by its 
action upon, (1) strips of virgin guinea-pig uterus or, (2) the 
normal blood pressure of dogs. Both methods involve two 
important groups of variable^, (a) Considerable variation 
occurs in the strength of samples of pituitrin taken from dif- 
ferent individuals of the same species. This appears to be due 
principally to the individual variations of the animals and also 
in part to variations in the details of the extraction processes. 
(b) Great variations occur among the test animals. Frequently 
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the uterus is so sensitive that it becomes quite useless as a test 
object (Roth, 2). Again, the sensitivity of the blood pressure 
of dogs varies within, wide limits. Such arbitrary standards 
as ^'healthy" or "carefully selected'' are open to the objection 
of subjective interpretation. Furthermore, the same strip of 
uterus or the same dog is used repeatedly, which permits of no 
exact control experiment. According to Hamilton and Rowe 
(1) ''The isolated uterus test, while in some respects logical, is 
not in its present form practicable to be used as a commercial 
method for the final standardizing of pituitary extract." 

It is obvious that if tests could be carried out upon physio- 
logically comparable units of tissue taken from the same animal 
the factor of individual variation would be automatically elimi- 
nated. In the new method which we describe in the following 
pages the reaction times of two physiological units — two groups 
of pigment cells — ^which have been physiologically tested and 
found to be identical, are compared in a standard and an im- 
known solution. Each piece of tissue is used for one test only 
and, since the pieces are taken from a single animal the chances 
of individual variation are eliminated. 

THE NEW BfETHOP 

The effects of a number of physiological and chemical stimuli 
upon the melanophores of F. heteroclitus have been studied in 
considerable detail during the past seven years (3). As a result 
of this work it appears that the melanophores of Fimdulus and 
probably of all other teleost fishes must be considered function- 
ally modified smooth muscle cells (4). This conclusion has 
opened a new approach to various pharmacological problems 
including that of biological drug standardization. 

TEST ANIMALS 

The "killiefish'' or "mummiechog,'' F. heteroclitus, is a com- 
mon minnow occurring in great numbers along the Atlantic 
coast. For experimental purposes it has the advantages of 
being easily obtained and of possessing an astonishing tenacity 
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of life. Fish of a suitable size — 7 to 10 cms.— may be caught 
with a dip net or minnow seine in any small tide water stream 
or salt marsh ditch from April to November in the latitude of 
New York.* A baited ''imabrella net" may also be used to 
advantage. If the fish are brought into the laboratory in Octo- 
ber they may be kept in good condition throughout the winter 
in large shallow tray tanks^ about 5 by 8 feet, containing 2 inches 
of sand or gravel and 3 or 4 inches of water. If the temperature 
is low— about 5 to 12''C.— from 100 to 125 fish may be kept in 



ABC 

Fig. 1. Successive Microphotographs of the Same Scale 
a, the melanophores contracted in the standard potassium chloride solution; 
bj the melanophores re-expanded in O.IN NaCl and c, a second contraction of 
the melanophores in a solution of pituitary extract. A comparison of a and c 
shows that in the latter, following the treatment with pituitary extract, the 
peripheral blood vessels have contracted. The corpuscles have been forced into 
the wider portions of the vessels, vc. The exposed bony portions of the scales 
serve as a convenient handle for manipulating the scales. 

a single tank. It is not necessary to keep the fish in sea water. 
They will live for weeks without apparent injury, in tap water, 
but indefinitely in sea-water diluted 15 to 30 times. The fish 
should be fed once a week on clams, earth worms or chopped 
raw meat scraps. 

THE TEST OBJECT 

In a previous paper (3-'13), we described in detail the topo- 
graphical arrangement of the melanophores in the skin of Fun- 

^ During the winter months certain of the fish markets of Boston and New 
York have 'killies" on sale for pickerel bait. The average cost is a cent apiece. 

* The tanks are easily constructed of 1 inch planed white pine boards which 
should be fastened with screws. The tanks are rendered water tight by thor- 
oughly ironing in soft paraffin with an electric iron. The paraffin will not injure 
the fish and the tanks may be used immediately. 
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Fig. 2. Schematic Median Section Through the Thermostat Reservoir 
The thennoregulator and cooling device are not shown. The water is drawn 
off through the faucet at the left and passes to the wanning stage. A siphon 
regulator keeps the water at a constant level. The space between the wooden 
walls is t)acked with asbestos wool. 








/ . -' ///^ yy^/ 



Fig. 3. The Warming Stage 
Showing a pair of scales just being immersed in separate solutions by means 
of the dipping device. The letters refer to the description in the text. 
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dulus. Each scale consists of a bony plate, a thin dermal layer 
containing the superficial melanophores and a thin, non-pig- 
mented sheet of epidermis. The melanophores and epidermis 
cover about half the surface of the scale. The exposed bony 
portion of the other half (a, fig. 1 A) serves as a convenient handle 
for transferring the scales from one solution to another. When 
a scale with widely expanded melanophores is placed in a pitui- 
tary solution the melanophores contract completely (fig. 1, c). 
The time required for the completion of the contraction is a 
function of the concentration of pituitary extract. In order to 
obtain comparative results, the standardization tests are all 
carried out at a constant temperature. We have made all tests 
at 22'^C. 

THE THERMOSTAT 

A double wooden tank lined with galvanized iron and having 
a capacity of about 200 htres serves as a reservoir in which 
water is kept at 22.4''C. by means of an electric radiator bulb 
and a mercury thermoregulator similar to the De Khotinsky 
type. 

A horizontal | inch brass shaft (s, fig. 2) carrying four adjusta- 
ble paddles passes through a stuffing box (6) at one end of 
the reservoir and is turned by means of a 10 inch wheel and 
motor (w). A faucet at one end of the reservoir connects with 
a large warming stage as shown in figure 2. 

The warming stage — 20 by 11 by 5 cms. — is made of galva- 
nized iron with a glass bottom. It carries three stender dishes 
which are fitted snugly into the top by means of rubber rims 
at the edges of the holes {rr fig. 3). Inlet and outlet pipes are 
attached at either end, a and 6, and at one end there is an addi- 
tional opening to carry a thermometer, t The water circulates 
through the warming stage from the reservoir and the tempera- 
ture, as measured within the stage, is easily kept at 22*^0. for 
hours at a time. The solutions to be tested are brought into the 
three stender dishes and are kept covered except while an obser- 
vation is in progress. The degree of contraction in the melano- 
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phores is best observed with a small lens; the end point of the 
reaction is easily seen with the naked eye. 

THE STANDARD SOLUTION 

Since the new method depends upon the time required for a 
complete contraction in a group of melanophores by a solution 
of imknown concentration it seemed important to select for 
comparison as a standard contracting solution some substance 
which (1) was readily obtainable in a very pure condition and 
(2) had a constant effect upon the melanophores. Potassium 
chloride answers both requirements admirably. It can be 
obtained (Merk's Blue Label) in a highly purified condition and 
solutions of identical concentrations are easily prepared by 
titration with AgNOj. Furthermore, we have never foimd a 
melanophore which, when taken from a living fish, failed to 
contract completely in a O. IN solution of KCl. 

If the melanophores are immersed in a pure solution of O.IN 
KCl even for a short time they are seriously injured. In O.IN 
NaCl, on the other hand, the melanophores remain fully ex- 
panded and reversible by KCl or other contracting stimulus for 
several hoiuB. The time required for a complete, contraction 
in O.IN KCl may be lengthened at will by diluting the KCl with 
NaCl. This procedure, above a definite concentration of NaCl 
also gives a less injiuious combination than either pure salt 
solution. 

In our standardization tests we have selected a mixture of 
2.5 parts O.IN NaCl + 1 part O.IN KCl at 22°C., neutral to 
neutral red, as a standard solution with which to compare un- 
known strengths of pituitary extract. The O.IN solutions were 
made up with glass distilled water and Merk's Blue Label salts. 
They were kept in old glass bottles. 

PRELIMINARY TESTS 

A series of preliminary experiments were carried out to deter- 
mine the sensitivity of the melanophores to var3ring concentra- 
tions of KCl. The prt)cedure was as follows: 
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A fish was gently removed by hand from the laboratory aqua- 
rium' and, after rinsing off with tap and* distilled water and 
O.IN NaCl solution, thirty to fifty scales were removed simul- 
taneously from one side of the fish by means of a small scalpel, 
and immediately immersed in O.IN NaCl solution. In the 
course of fifteen to twenty minutes the melanophores were fully 
expanded. Half a dozen adjacent scales selected from the 
dorsal region of the fish were now carefully freed by separating 




Fig. 4. The Dipping Dsyigb 

A large cork, c, carries a U-shaped glass rod. The ends of the rod are rounded 
and carry wing-like projections on which the scales are placed as shown in the 
detail in end view at the right/s. A scale is shown about to be placed in position 
on the dipper. The surface tension of the solution adhering to the scales keeps 
them in place on the dipper. The rounded ends of the rods prevent mechanical 
injury to the scales when being transferred from one solution to another, as 
shown in figure 3. 

them with forceps and dissecting needles. These six scales were 
then removed from the NaCl solution and rapidly placed in 
position on the dipping device, figure 4. They were then simul- 
taneously immersed in the sttandard solution and in the course 
of thirty seconds to a minute the melanophores began to con- 
tract. The scales were carefully watched and grouped accord- 

' A number of fish were always kept in the laboratory at room temperature, 
in a small aquarium. The bottom of the aquarium was covered with white sand 
and, since the fish adapted themselves to the light bottom, the melanophores 
at the beginning of any series of experiments were always contracted. 
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ing to the pairs which required the same length of time for a 
complete contraction of all the melanophores. From a set of 
six scales it is almost always possible to select one pair, and 
frequently two, in which the melanophores contract in the same 
time. After the contraction was completed the paired scales 
were returned, one pair at a time, to O.IN NaCl, whereupon the 
melanophores again expanded completely. This procedure thus 
gave pairs of physiological imits which were known to behave 
identically under uniform conditions. By returning the paired 
scales to two different solutions, one the standard and the other 
a solution with more or less KCl than the standard solution, 
and observing the time required for a complete contraction of 
the melanophores in the two solutions the limits of sensitivity 
to differences in KCl concentration were established. 

The concentration of KCl in the standard solution is 0.0286N. 
A solution of 2.65 parts NaCl + 1 KCl in which the KCl has 
a concentration of O.O274N was indistinguishable from the stand- 
ard; but 2.8 parts NaCl to 1 part KCl (KCl = O.O262N) showed 
a consistently longer contraction time than the standard. With- 
in this region of concentration a difference of the order 0.003N 
could be detected by the use of matched pairs of scales.* 

STANDARDIZATION OF PITUITARY EXTRACT 

In the standardization of pituitary extract it 19 not neces- 
sary to use matched pairs of scales for the preliminary deter- 
nfiination of the strength of the unknown solution. Approximate 
values may be obtained by comparing the contraction time in 
the melanophores of three adjacent scales taken directly from 
the O.IN NaCl solution with the contraction timeW three other 
scales selected from the same region and immersed in the stand- 
ard solution.* So long as the unknown pituitary solution causes 

^ It should be born in mind that this surprising degree of sensitivity on the 
part of the melanophores obtains only within a relatively limited series of con- 
centrations. If the concentration of KCl is increased too much we approach 
the region of minimum contraction time. 

' Separate samples of the standard solution should be used for making the 
preliminary tests and the final tests against the solutions containing the drug 
of unknown strength. 
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a distinctly more rapid contraction than the standard solution, 
all the melanophores of all three Scales in the pituitary solution 
will contract before any scale in the standard solution shows 
complete contraction of the melanophores. The extent to which 
this approximation may be carried depends largely upon prac- 
tice in selecting comparable scales by their propinquity, size 
and degree of pigmentation (number of melanophores). The 
naethod has an automatic check, however, since, as soon as the 
selection becomes faulty, the contraction times will no longer 
fall into two sharply divided groups, corresponding to the two 
sets of scales, but will overlap. Further comparisons of the 
standard and unknown solutions must then be made by using 
matched pairs of scales as described above until the reaction 
time of three successive pairs is the same. 

'Tituitrin" (Parke, Davis and Company) contains as a preserv- 
ative trichlor — tertiary — butyl alcohol (''chloretone") nearly to 
saturation. This interferes somewhat with the standardization 
of the marked samples by the melanophore method. It might 
be supposed that an equivalent concentration of ''chloretone" 
could be added to the standard solution of KCl and NaCl but 
this has not proven satisfactory. In practice we have diluted 
conMnercial pituitary extract with NaCl so as always to have 
solutions, of a concentration of O.IN NaCl. 

In coihmercial practice we suggest that for the standardiza- 
tion of a given quantity of drug, solutions should be made up 
for immediate use, wherever possible, without preservative of 
any sort. As a uniform standard for pituitary extract we sug- 
gest an aqueous solution which, when diluted with equal parts 
0.2N NaCl, will contract of group of expanded Fundulus melano- 
phores in the same length of time as is required for the con- 
traction of a comparable group of melanophores in the standard 
KCl solution. 

CRITICISM OF THE NEW METHOD 

The apphcation of pituitary extract in obstetrical practice 
appears to have caused a prejudice in favor of the use of the 
uterus method for standardization. We have discussed above 
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some of the reasons for doubting the validity of the uterus test. 
The objection may be advanced that even though the melano- 
phores are functionally modified smooth muscle cells their rela- 
tion to the mammalian uterus is so remote that the action of 
pituitary extract on the melanophores would give little indica- 
tion of the action of the same extract on the mammalian, and 
especially the human, uterus. This objection, in so far as it 
applies to the guinea-pig uterus, has been met by empirical 
tests. Furthermore commercial samples of pituitary extract 
which were supposedly of the same physiological strength were 
found, by the use of the melanophore method, to vary widely. 
The explanation of this variability we believe may be found in 
the relatively far greater accuracy that may be obtained by the 
use of the melanophore technique. 

A second objection might be advanced against the use of KCl 
in the standard solution. This salt, while easily procured in 
exceedingly pure form, is not chemically related, so far as we 
now know, to the pressor principle of pituitary extract. Further- 
more, the effect of KCl and pituitary extract might be due to 
two quite imrelated physiological causes.* The relative sensi- 
tivity to KCl and pituitary extract might, therefore, vary inde- 
pendently. Whereas we have not yet investigated this point in 
complete detail our experiments have thus far shown that groups 
of melanophores which react slowly to KCl show a correspond- 
ing lack of sensitivity to pituitary extract." 

The accuracy of any method for drug assaying must, on last 
analysis, depend upon the number of variables involved. The 
technique proposed in this paper eliminates at least one impor- 
tant source of error, i.e., individual variation in the test animals. 
It furthermore affords an opportunity for an exact, quantitative, 
simultaneous, control experiment. These are the two chief 
theoretical advantages. 

* Dr. Barbour and I found that, in its action on the melanophores, ergotoxine 
reversed the normal pressor effect of epinephrine but not of KCl. (3, 4, '17). 

^ This objection might also be advanced against the use of histamine in the 
uterus method. 
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The practical advantages of hardy and inexpensive test ani- 
mals combined with the relative simplicity and speed of technical 
manipulation are too obvious to require further comment. 

In a subsequent paper we shall deal with the variations of 
market samples of pituitary extract and the degree of accuracy 
which may be obtained by the melanophore method of drug 
assaying. 

Samples of pituitary extract were kindly furnished by the 
H. K. Mulford Company and the Parke, Davis Company re- 
search laboratories. 
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CRITICAL NOTES ON THE PRESENT STATUS OF 
THE LENS-PROBLEM. 

E. I. WERBER. 

I. Introduction. 

The present communication is an attempt to arrive at a com- 
mon understanding of the nature of the difficulties that stand in 
the way of the solution of a problem to which for over a quarter 
of a century have been devoted the best efforts of a number of 
biological observers. 

One phase of this problem, although at one time rather near 
solution, has since, owing to — ^apparently unavoidable — tech- 
nical difficulties of the experimental method, become ever more 
complex. In the following it is my intention to show that this 
complexity is an artificial one and that it practically disappears 
on careful sifting of evidence. Owing to this seeming com- 
plexity, however, an originally correct interpretation has lately 
been giving way to one that not only is unwarranted, but has 
already occasioned even some very improbable and fruitless 
phylogenetic speculations (cf. for instance Becher, '12). 

Anticipating to return to the subject of this communication 
in a more comprehensive publication in the near future I hope I 
may be pardoned for incompleteness in considering the pertinent 
literature at the present time. Only such contributions can here 
be considered, as from my point of view seem to have the most 
significant bearing on the problem. 

2. The Origin of the Primary Lens — in Ontogeny. 

As well known Spemann ('01, '03) was the first to furnish 
experimental evidence for the correctness of the opinion — ad- 
vanced simultaneously also by Herbst ('01) — that the lens of 
the vertebrate eye is dependent in its origin and differentiation 
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upon the contact of the optic vesicle with the supra-ocular 
epidermis from which it arises. It will be recalled also that this 
view was contested by Mencl ('03, '08), King ('05) and Stockard 
('10) and that Spemann himself has in later papers ('08, '12) 
modified his opinion and abandoned his generalizations. He now 
thinks that more extended experiments in which various methods 
were employed on several frog species prove that in some species 
the lens cannot develop if the optic vesicle fails to come into con- 
tact with the overlying epidermis while in one species the epi- 
dermis is capable of giving rise to lentiform bodies and even well- 
differentiated, unmistakable lenses without such contact. 

Such conditions would, indeed, be so contrary to expectation 
that it well behooves us to inquire into the validity of Spemann's 
self-contesting evidence as well, as of the evidence brought forth 
by Mencl, King and Stockard for the independent development 
of the lens. 

I have already (Werber *i6c) pointed out some possible sources 
of error which would invalidate the conclusions of these authors 
and on re-reading the entire series of Spemann 's interesting 
papers on the subject I have been struck by the complete absence 
of any real counter-evidence against the conclusions of his earlier 
('01, '03) excellent work. 

Spemann 's first experiments were performed on Rana fusca 
and consisted in destroying, by pricking with a heated needle or 
the galvanocauter, the right (presumable) optic pit (foveola 
optica).* As a result he found that no lens was formed, if the 
entire optic pit had been destroyed or, if deeply buried remnants 
of the latter which developed into diminutive optic cups failed 
to reach the epidermis. If, however, such a rudimentary optic 
cup did come into contact with the epidermis, a lens developed 
secondarily from the latter. 

I am inclined to think that these results practically solved the 
problem, and for this reason it may perhaps be regarded as un- 
fortunate that Spemann *s well-warranted generalizations have 
been the subject of ill-founded criticism by Mencl ('03). For 
while the latter was very aptly met by Spemann ('03), it ap- 

» For a description of this earliest discernible eye primordium cf, Eycleshymer 
('93 and '95) and Froriep ('06). 
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parently occasioned him to enter upon a great many experiments 
on the subject which, though beautifully conceived and skillfully 
executed, have, owing to the pitfalls of a treacherous material, 
yielded fallacious results. 

The first experiments which have occasioned Spemann ('07) 
to modify his views were performed on Rana esculenta. They 
consisted in the excision of the "right anterior half of the brain 
primordium" from the wide open medullary plate.* As a result 
he observed that a lens has developed in spite of the absence of an 
eye on the side operated upon. Like results were obtained also 
when the optic pit was destroyed at the same stage of develop- 
ment with a heated needle. The results were apparently entirely 
independent of the method of operation. In both cases, however, 
they differed from those obtained in Ranafusca, in which, as we 
have seen, no lens was formed when the optic anlage was at this 
stage destroyed by pricking with a heated needle, while the 
excision experiment in this species, according to Spemann ('07) 
''ergab ein sehr unsicheres Resultat." In one out of four ex- 
amined embryos Spemann ('12) observed ''ein kleines Blaschen, 
welches eine Linsenanlage sein konnte." 

Why such divergent results in experiments on two species of 
the same frog genus with the same methods and at the same stage 
of development? Spemann concludes from his experiments on 
Rana esculenta that in this species the "lens-forming cells*' of the 
embryonic epidermis are capable of independent development in 
the absence of an optic vesicle, while Ranafusca lacks this ability 
for self -differentiation. 

The same experiments on Bombinaior pachypus (at the same 
stage of development) gave less definite results. While no lens 
developed in this species on the side operated upon, Spemann 
observed in some few instances structures which he could not 
with certainty identify. Experiments on embryos of the same 
species at a later stage of development, i. e., removal of the optic 
vesicle, the overlying epidermis being previously raised up and 
reflected from it, gave also ill-pronounced results. In a number 

' In my 1916c paper several, otherwise wholly insignificant, errors have unfor- 
tunately crept in into the references made to these excision experiments in Rana 
escuUnta and to King's pricking experiments. In both cases it should read 
"optic pit" or '* optic anlage " instead of "optic vesicle." 
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of instances Spemann observed in such embryos on the side 
operated upon a thickening of the epidermis in the region where 
a lens normally should have developed, which he is inclined to 
consider as an abortive attempt at lens-formation. From these 
experiments Spemann tentatively concludes that Bombinator in 
regard to the power of independent lens-formation occupies a 
sort of intermediate position between Rana fusca which lacks 
this ability and Rana esculenta which, according to him, possesses 
it in a decidedly marked degree. 

Are these conclusions justified? I am strongly inclined to 
think that they are not, the results on which they are based 
being very inconclusive. Moreover, on careful examination of 
the excision experiments in Rana esculenta the impression is 
gained that some fragments of optic substance were left after the 
excision of the anterior half of the primordium of the brain hemi- 
sphere. Thus, for instance, in his 1912 paper in Fig. 6 the smaller 
one of the two observed lentoids is in close apposition to a "gang- 
lion.'' May not this ganglion rather be a small group of retinal 
cells? In Figs. 8 and 9 small groups of tapetum nigrum cells 
may be observed, and Spemann (p. 22) admits "dass vom Augen- 
becher vielleicht kleine Reste vorhanden seien." In Fig. 8 the 
tapetum-cells are very close to the lentoid, while Fig. 7 also sug- 
gests that dispersed tapetum nigrum was responsible for the 
origin of its '*Linsenblaschen.*' Instead of concluding, as does 
Spemann, that the lentoids of Figs. 6 and 9 are due to dispersion 
of "lens-forming cells" it might perhaps be safer to think that in 
these experiments fragments of potential optic-cup substance 
were dispersed and stimulated the differentiation of lentoids by 
chancing to come into contact with the epidermis. 

Again, in Fig. 10 representing a cross-section through an em- 
bryo in which the anterior part of the anlage of the right brain 
hemisphere has been destroyed by a heated needle, the lentoid 
observed is in close proximity to a rudimentary optic cup (oc', 
Fig. 10), which clearly demonstrates the fact that the attempted 
elimination of the anterior part of the brain primordium may 
often be illusory, fragments of optic-pit substance remaining 
after the operation. According to Spemann ('12, pp. 24 and 25) 
it is easier to eliminate the entire optic anlage in Rana fusca than 
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in R, esculenta. He attributes this to a difference in the ''Kon- 
sistenz" between the embryos of the two species. "So ist wohl 
das Resultat zu erklaren, dass der Defekt bei den allerdings 
nicht sehr zahlreichen Versuchen dieser Art meist entweder zu 
gross wurde, im ersteren Fall also vom rechten Auge ein Rest 
erhalten blieb, im letzteren die Linsenanlage mit zerstort wurde." 

In my estimation the divergent results obtained both by prick- 
ing with a heated needle and by excision in both species would 
rather seem to point to differences in the location of the optic 
pits in the neurulae of the two species at the same stage of de- 
velopment. Thus, in Rana esculenta they are probably more 
diffuse and extend more laterally than they are in R, fusca. 
Accordingly, if at this stage the excision of the anterior half of 
the brain primordium be attempted, it may happen that a small 
fragment of the optic pit may remain, as in this species it may 
extend even laterally from the medullary fold. Granting, how- 
ever, that fragments of potential optic-cup substance do some- 
times remain after the operation in this species — ^and Spemann 
admits that both in text and in the figures — ^it is no longer difficult 
to understand that in such embryos lentoid structures and even 
well-differentiated lenses may be formed on the eyeless side owing 
to the ** leatogenic stimulus "^ from the remnant of optic substance 
on the epidermis. 

Spemann does not seem to have considered the results obtained 
from these operations as very conclusive, if as much can remain 
of the brain anlage after its attempted elimination as ''ein 
Fragment des Tapetum nigrum,'* *'der vorderste Teil der Vor- 
derhirnanlage, . . . ein dorsales Stiickchen Zwischenhirn mit 
Epiphyse und Plexus chorioideus, jedenfalls entstanden aus 
lateralen Partien der Medullarplatte, endlich ein Stiickchen der 
linken Halfte des Mittelhirns*' ('12 p. 28). For, not content 
with these results he sought confirmation in experiments in which 
several other methods were employed. 

Thus, adopting Lewis's ('04) method, he removed (by excision) 
in R. esculenta the optic vesicle after having previously raised up 
and reflected the overlying epidermis. The latter was then 
affixed in its place where it healed and in two embryos gave rise 

» Cf. Werber '160. 
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to "ein deutliches Linsenblaschen*' in the absence of the optic 
cup. Spemann considers these lens-buds as evidence of the 
ability for independent lens formation in R. esculenta. 

The validity of this conclusion, however, seems questionable 
to me in view of a well-nigh uncontrollable source of error which 
Spemann himself has pointed out ('12, p. 42). For he states 
expressly that the lower stratum of the epidermis (the *'Sin- 
nesschicht'*) adheres so firmly to the eye vesicle that on attemp- 
ting to separate the epidermis from the latter usually the upper 
layer (the *'Deckschicht*') is raised up, while the lower one re- 
mains attached to the optic vesicle. Regardless of Spemann *s 
skill in such delicate operations and the precautions he has taken 
to separate the entire epidermis from the optic vesicle it was 
apparently impossible always to avoid minute fragments of the 
latter remaining attached to it. And the two cases in which he 
obtained ''independent" lens-buds have possibly resulted from 
just such an unsuccessful operation, while in the embryos in 
which no such structures were recorded on the side operated 
upon the operation was apparently faultless. 

Spemann assumes that in his unsuccessful experiments of this 
series, i, e,, where no ''independent lenses'* were recorded, the 
"lens-forming cells'* of the lower stratum of the epidermis were 
removed with the optic vesicle to which they remained attached. 
I can see no valid reason for the assumption of cells predetermined 
to form lenses. The often-raised argument of the cyclopean eye 
in which the lens is formed from epidermis that normally does 
not develop into this structure, and Lewis's ('04, '07a and b) 
experiments in which the formation of lenses from strange ecto- 
derm and even from ectoderm of another species was demon- 
strated to be possible — an experiment successfully repeated by 
Spemann himself by transplanting the bared optic vesicle of 
Rana esculenta under the ventro-abdominal epidermis of Bofn- 
binator — speak very decidedly against this assumption.^ 

Moreover, why should just the species Rana esculenta form 
such a strange exception as to possess such so early specialized 

» Mend ('08, Fig. 3) described an "intracerebral eye'* (intracerebral cyclopia) 
whose lens is derived from the epithelium of the mouth. The ability of this part 
of the ectoderm to give the "lentogenic reaction" is demonstrated also by the 
lentoids of the mouth which I have recorded (Werber 'i6c). 
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regions of the epidermis? I am under the impression that the 
apparent fallacy of Spemann's conclusions from this series of 
experiments is most likely due to the circumstance that while he 
detected an important source of error, he unfortunately, mistook 
the nature of the error. For had he considered the possibility 
that fragments of the optic vesicle too small to be detected with 
the binocular dissecting microscope and even so minute as not 
to be able to differentiate into histologically discernible struc- 
tures, may suffice to induce the lentogenic reaction in the epider- 
mis to which they remained attached, he would probably have 
considered the ''unsuccessful*' experiments of this series as suc- 
cessful and vice versa. Accordingly, instead of believing that in 
the two ''successful" cases the "lens-forming cells" had not 
(or not entirely) been removed, he might have concluded that 
owing to the above-mentioned difficulty some remnants of optic 
substance have stimulated the developnient of the lens-buds 
demonstrated in Figs. 37, 38 and 38a. 

The results of other experiments performed by Spemann ('12) 
which may now be examined would also seem to lend support to 
his former views rather than to his present ones. One of these 
experiments consisted in transplanting abdominal epidermis 
over the bared optic vesicle in Rana esculenta. The flap of 
epidermis used for the purpose was previous to its transplan- 
tation "von etwa anhaftenden Mesodermzellen sorgfaltig gerei- 
nigt." The result was negative — no lenses or lens-like structures 
were formed by the strange epidermis owing, as Spemann thinks, 
to the circumstance that the "primaren Linsenbildungszellen" 
were contained in the flap of supra-ocular epidermis which had 
been removed. However, four cases were recorded in which the 
epidermis transplanted over the eye presented an appearance 
different from that of the epidermis of the immediate surround- 
ings. And in Fig. 63 there is "eine deutliche Linsenanlage (L) 
vorhanden, ein kleines, dickwandiges Epithelblaschen, welches 
mit der transplantierten Rumpfhaut iiber dem Auge innig 
verbunden ist." ('12, p. 55). Spemann mentions also another 
embryo of this series in which he observed an indication of lens- 
formation on the side operated upon (Fig. 58), but assumes that 
in both cases "prim^re Linsenbildungszellen " remained attached 
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to the optic vesicle owing to faulty technique in the removal of 
the supra-ocular epidermis. 

Might we not with at least just as much justification assiune 
that in the embryos in which no lenses were formed from the 
transplanted epidermis this was due to lack of immediate contact 
between the optic vesicle and the epidermis, because mesodermal 
cells were attached to the latter? For, regardless of the most 
painstaking care I think it is impossible to be sure that the 
epidermis has been cleaned of these cells entirely with the aid of 
such low magnifications as even the highest power lenses of the 
binocular dissecting microscope. It is, besides, difficult to under- 
stand why the optic vesicle of this species should be able to induce 
lens-formation from ventro-abdominal epidermis of Bombinator 
and not from the abdominal epidermis of an embryo of its own 
species. 

Whatever one might think of the results of these experiments, 
they certainly cannot be regarded as conclusive in favor of Spe- 
mann's present views. 

Two more series of experiments on Rana esculenta may now be 
considered the results of which Spemann interprets in favor of the . 
independent development of the lens in this species. The method 
employed in these experiments was autoplastic transplantation 
and the part transplanted was the *'primareil Linsenbildungs- 
zellen." 

In the first (a) series a more or less rectangular piece of supra- 
ocular epidermis was detached during or immediately after the 
closure of the medullary tube and turned about i8o°, care being 
taken that no fragments of the optic vesicle be left on it. In the 
second (b) series the operation differed only in one point, viz., 
that in detaching the supra-ocular epidermis a fragment of the 
optic vesicle remained attached to it and owing to the inversion 
of the piece of epidermis (by turning it about i8o°), it became 
transplanted into a posterior region (otic capsule). 

In the experiments of the first (a) series great technical diffi- 
culty was encountered and only in four cases was the separation 
of the epidermis from the optic vesicle *'anscheined einwands- 
frei." In three of these cases the eye of the operated side had 
"eine deutliche Linse," while in the fourth case where, owing to 
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the operation, the otic labyrinth came to lie between the epider- 
mis and the eye, the latter lacked a lens. No lens, however, 
developed in any of these embryos caudally from the eye, as 
might have been expected, had that part of the epidermis (''pri- 
mare Linsenbildungszellen ") been capable of giving rise to a 
lens by self -differentiation. 

These cases (although so few in number) point decidedly, I 
think, to the inability of supra-ocular epidermis in R. esculenta 
to differentiate a lens in the absence of a stimulus from the eye 
vesicle. Spemann, however, prefers the tentative explanation 
"dass nach Ausl5sung einer Linsenbildung durch's Auge die 
spontane Entwicklung einer zweiten Linse aus den primaren 
Linsenbildungzsellen unterbleibt." He is inclined to consider 
even the possibility "dass bei diesen Experimenten die Lin- 
senbildungszellen nicht weit genug nach hinten gebracht worden 
waren und dass entweder sie selbst oder ihre nachste Umgebung 
die Linse des stehengebliebenen Auges geliefert haben." As 
support for the latter possibility he regards the observation, 
"dass die Linse in alien 3 Fallen im hintersten Winkel des etwas 
deformierten Augenbechers liegt und einmal sogar etwas in die 
Lange gezogen ist*' (*I2, p. 64). Is it not more probable that 
this distorted relation between the lens and the optic cup is due 
to the very fact that the latter was deformed owing to the opera- 
tion? From my observations on many teratophthalmic Fundu- 
lus embryos I know that this is very often the case in deformed 
eyes. 

One cannot escape the impression that Spemann by con- 
sidering such possibilities and by regarding 'Miese Versuche . . . 
als misslungen und die Frage als unentschieden " has — ^apparently 
unconsciously — missed the only obvious conclusion, viz., that 
Rana esculenta possesses no early predetermined lens-forming cells 
and that a stimulus from an optic cup or from some of its parts is 
necessary to induce the differentiation of a lens from the epidermis 
in embryos of this species as much as in Ranafusca. 

Let us now consider the second (b) series of these experiments 
in which, as will be recalled, a fragment (the tip, "Kuppe") of 
the optic vesicle was left attached to the inverted epidermis. 

Observations were made on seven embryos operated upon in 



Digitized by 



Google 



228 E. I. WERBER. 

this manner. In all of them the anterior eye fragment lacks the 
lens, while the posterior one in five embryos stimulated the for- 
mation of a lens which **kann so vollkommen entwickelt sein 
wie die normale" (p. 67). In one of these embryos the posterior 
eye fragment possesses even two lenses which Spemann is in- 
clined to regard as being due to mechanical separation of the 
'*Linsenmateriar* into two parts, although it would seem more 
probable that the duplication of the lens in this case may (owing 
to the operation) be due to mechanical histolysis of the eye frag- 
ment which thus came into contact with the overlying epidermis 
in two places. 

From these observations Spemann (p. 67) concludes that "die 
weitgehende Determination der prim^ren Linsenbildungszellen 
von Rana esculenta, welche sie zu selbststandiger Entwicklung 
befahigt, bringt es wohl mit sich, dass die iibrigen Epithelzellen, 
auch die der nachsten Umgebung, nicht mehr imstande sind, 
auf einen Reiz des Augenbechers mit Linsenbildung zu ant- 
worten." 

These conclusions cannot be considered as warrantable. 
Moreover, the results permit of an interpretation which, I believe, 
is founded upon a much greater probability. It must be re- 
membered that at the stage of development at which the opera- 
tions were performed, it is only the tip C'die Kuppe") of the 
eye vesicle that is protruding from the head. If that protruding 
part be removed, the epidermis transplanted over the resulting 
gap may, owing to the latter, fail to come into contact with the 
deeper part of the eye even on subsequent growth of the latter 
owing to the obstruction formed by mesenchyme cells which may 
grow into the gap before such contact can be effected. Spe- 
mann 's Fig. 6yb very forcibly suggests just this possibility. On 
examining the anterior eye fragment of this figure one can observe 
that it is not in contact with the epidermis. More significant, 
however, is the observation in it-s lumen of a blood vessel and of 
some mesenchyme cells which also fill the space between it and 
the epidermis. 

Our interpretation of these apparently vexing cases receives 
further support from the very fact that in the (a) series of these 
experiments where the ''Kuppe" of the optic vesicle had not 
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been removed, the latter was able to stimulate the formation of 
lenses, because there being no gap between it and the epidermis 
transplanted over it, there was no chance for an obstruction of 
its contact with the latter by ingrowing mesenchyme. It is, 
besides, needless to say that it is difficult to understand just why 
Spemann in the experiments in which the epidermis was trans- 
planted over a defective eye vesicle assumes a sharp predeter- 
mination to form lenses and not so, if transplanted over an unin- 
jured eye vesicle. 

Summarizing briefly we find that critical sifting of the results of 
Spemann*s experiments on Rana esculenta discloses no warrantable 
evidence whatsoever for the presence in this frog species of an early 
predetermined lens-forming part of the epidermis capable of dif- 
ferentiation into a lens without the stimulus from an optic vesicle 
or at least a fragment of it. 

Practically all of these experiments were performed by Spe- 
mann also on Bombinator pachypus. The results obtained in this 
species differed according to Spemann ('07, *i2ff) from those 
obtained in the pricking experiments in Ranafusca and also from 
the above-noted results in Rana esculenta. They indicate, 
Spemann believes, that Bombinator in regard to the ability to 
form a lens by self-differentiation occupies a position intermediate 
between Rana fusca and Rana esculenta. 

It is evident, I believe, that were this really so, i. e., if the 
supra-ocular epidermis of Bombinator possessed a certain degree 
of this ability and only needed the stimulus from the optic vesicle 
as a complementary aid for the differentiation of a lens, a serious 
stumbling block would here confront every attempt at the solu- 
tion of the lens-problem. 

Fortunately, however, Spemann 's observations seem to call 
for an entirely different interpretation of the results. 

Thus in the excision experiment (right foveola optica) the 
latter prove very decidedly, L believe, that no lens can be formed 
in the absence of an optic anlage or on its failure to come tinto 
contact with the overlying epidermis. For, out of the forty-six 
embryos operated upon in twenty of them in which an optic 
fragment remained (owing to incomplete excision), a lens de- 
veloped on the side of operation. Of the remaining twenty-six 
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cases one is uncertain, for here a structure was observed which 
might perhaps be a deformed lens-bud, in twenty cases neither 
an optic cup nor a lens can be observed, while in five cases the 
optic cup is so small that there was no contact with the epidermis. 
According to Spemann, however, in two of the latter cases the 
condition is not clear, one of the embryos possessing (on the side 
of excision) near the brain *'ein dickwandiges Blaschen mit 
kleinem Lumen," which Spemann is unable to identify, while in 
the other case the region of epidermis which should have fur- 
nished the lens, is '*kaum merklich verdickt." 

The only warranted conclusion from these results is: The contact 
of at least a fragment of the optic anlage is necessary to induce the 
formation of a lens from the overlying epidermis. It is unwarranted 
however, to conclude, as does Spemann (12, p. 38), *\ . . dass 
Bombinator pachypus zwar auch primare Linsenbildungszellen 
besitzt, welche von den Epidermiszellen der Umgebung ver- 
schieden und zur Umbildung in die Linse vorbereitet sind, dass 
diese Zellen aber der Mitwirkung des Augenbechers bediirfen, 
um in Aktion zu treten, zum mindesten in viel hoherem Masse 
als die Linsenbildungszellen von R. esculenta." 

The results of other experiments in this species also point 
decidedly to the incorrectness of Spemann 's conclusions. Thus 
the removal of the optic vesicle during or immediately after the 
closure of the medullary folds resulted only in a thickening 
("Wucherung'*) of the epithelium in the region where normally 
the lens should have arisen. In two cases, however, small rem- 
nants of the optic vesicle developed into diminutive optic cups 
lacking a lens, because mesenchyme had grown in between them 
and the epidermis. Lentoid structures (two) were observed only 
in one case (Figs. 41a and ft, L'), which are probably due to a 
stimulus from very minute remnants of the optic vesicle. 

These experiments would again seem to prove only that, as 
Lewis (*04, '07a and b) and Le Cron ('07) have found, a stimulus 
from the optic vesicle on the epidermis of sufficient duration is neces- 
sary for the latter to give rise to a lens. They do not prove, however, 
the presence in this species of early predetermined lens-forming 
cells requiring the stimulus from an optic vesicle only as a supple- 
ment for full differentiation into a lens. 
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On transplanting ventro-abdominal epidermis over the bared 
optic vesicle in this species Spemann recorded as a result that in 
none of the sixteen examined embryos a lens developed from the 
strange epidermis. From these results he concludes that either 
the optic vesicle cannot stimulate abdominal epidermis to the 
formation of a lens or that this part of the epidermis is incapable 
of responding to such a stimulus. 

Here again, however, the same objection is unavoidable which 
we have raised against the conclusion from the results of the same 
experiments in Rana esculenUiy namely that regardless of the 
experimenter's care mesenchyme cells attached to the trans- 
planted epidermis obstructed a contact of the latter with the 
optic vesicle.^ 

Very clear ("eindeutig") results were obtained in the experi- 
ments in which, as in Rana esculenta^ a flap of the skin of the 
head including the supra-ocular epidermis was turned about 
180°. In the first (a) series in four out of eight **einwandsfreie" 
cases the eye cup was not in contact with the epidermis and, 
naturally, lacked a lens. In the other four cases there was such 
contact — ^and the eye possessed a lens. 

Accordingly: There are no lens-forming ceUs, but epidermis that 
normally does not give rise to a lens will differentiate into a lens, if 
brought into contact with the optic vesicle. 

The second (b) series of these experiments (a fragment, the 
"Kuppe," of the optic vesicle transplanted with the turned 
epidermis) yielded results very similar to those of the corres- 
ponding experiments in Rana esculenta. 

With but one exception the posterior eye fragment always 
obtained a lens, which, as Spemann rightly adds, could not have 
developed in the absence of this fragment of optic-cup substance. 

The anterior eye fragment, however, obtained no lens in fifteen 
out of the twenty examined embryos, while a lens or only a 
thickening of the epidermis opposite the eye fragment was ob- 

* It is significant that in one out of the four cases in which he reports to have 
observed a ** Wucherung" opposite the eye *'eine zusammenh^ngende Schicht sehr 
dotterreicher Zellen" (p. 60) was conspicuous in that interspace. That shows that 
it is apparently futile to attempt to clean the abdominal epidermis of all mesenchyme 
cells. While it is difficult to know just how to interpret these "Wucherungen," 
they might possibly be due to mechanical distortion during the operation. 
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served in five cases. In thirteen of the embryos which had no 
anterior lens Spemann accounts for its lack by the ingrowth of 
mesenchyme into the space between the optic-vesicle fragment 
and the epidermis, widened by the expansive growth of the otic 
capsule which, owing to the transplantation came to occupy this 
anterior position. He is unable, however, to suggest an expla- 
nation for the lack of this lens in two cases, "wo kein Grund fiir 
ihr Ausbleiben zu erkennen ist" (p. 73). 

From these experiments Spemann (*I2, p. 77) concludes that 
the optic vesicle of Bombinator is capable of exerting a specific 
stimulus not only on the lens-forming cells, but also on other 
parts of the head epidermis. 

This conclusion is, I think, only partly correct, the assumption 
of "primare Linsenbildungszellen'' being both unwarranted and 
unnecessary. For leaving out of consideration the two cases 
(which I should not wish to pre-judge), where no anterior lens 
was formed while it should have been expected, we can conclude 
only that its presence in the several other cases was due to the 
specific stimulus from the anterior eye fragment. 

Briefly, the results of this series of experiments also contradict 
Spemann 's opinion of the intermediate position of Bombinator 
between Rana fusca and 2?. esculenta with regard to the ability 
of independent differentiation of the lens. 

In all of Spemann' s work I find only a confirmation of his initial 
results and strong support for the generalizations which he made in 
igoi and 1903^ but no counter-evidence whatsoever that would 
justify his present ( '12) opinion. 

Other evidence for the independent development of the lens 
brought forth by Mencl ('03, '08), King ('05) and Stockard ('10) 
is no less illusory. 

Mencl ( '03) described the head of an anophthalmic component 
of an anadidymus in Salmo salar which possessed two laterally 
'ocated lenses although there could be observed ''keine Spuren 
von Augenblasen, ja nicht einmal von Anlagen derselben.** 
Both of these lenses were in close apposition to the deformed 
brain, the larger one even having, owing to its growth, formed a 
pit in the latter by pressure. Both enses, however, were so 
situated that their derivation from lateral parts of the head 
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epidermis W2ts beyond doubt. What is responsible for the origin 
of these lenses? Mend suggested (p. 337) that "der, diese 
zwecklose, wie durch Erinnerung der Epidermiszellen auftauch- 
ende Linsenbildung ausl5sende Faktor ist die Vererbung." 

A much more reasonable and, I think, the only correct, inter- 
pretation of this case was offered by Spemann ('03) who con- 
cluded (p. 464) that the optic vesicles *'oder genauer ihr fiir die 
Linsenbildung allein in Betracht kommender retinaler Teil nur 
scheinbar fehlen, indem die Partie der Hirhwand, welcher die 
Linsen angelagert sind, nichts anderes ist, als die nicht abgeg- 
liederte . . . Retina." 

Although this interpretation was later abandoned by Spemann 
'*unter dem Druck neuer Tatsachen" ('12, p. 3), my experience 
with teratological material — and Mend's case is a teratological 
one — forces me to lend it unreserved support. 

For the sake of clearness in presenting my point of view (based 
largely on teratological data) the following brief recapitulation 
of the present stage of our knowledge on the morphogenesis of 
monsters may be permitted. 

It was repeatedly noted by pathologists and teratologists and 
notably also by Mall ( '09) that examination of malformed em- 
bryos often discloses evidence of destruction, dissociation and 
shifting of tissues or parts of the embryo. On examination of a 
great many experimentally produced monsters in Fundulus 
heierocUtus I (*i6a and b) was able not only to confirm these 
observations, but also to demonstrate some remarkably striking 
cases of the effects of such dissociation of parts of the early em- 
bryonic primordium and to account for the causes of this process 
which I have termed blastolysis. This **blastolytic action of the 
chemically modified environment is ... a morphogenetic prin- 
ciple common to all terata. . . . Blastolysis either destroys part 
or all of the germ s substance, or it may split off and disperse 
parts of the latter" (Werber *i66, p. 569). 

It is this destruction of tissues, the subsequent elimination of 
parts destroyed and the resulting dissociation and shifting of 
parts surviving that in experiments in which eggs are subjected 
to a chemical modification of the environment, brings about the 
weirdest malformations of the developing embryos. 
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AU of these deformities are thus clearly due to a defect {or defects) 
of a blastolytic nature. Not only is this the case in experiments in 
which the modification of the environment employed is a chemical 
one, but also, if a physical, e. g., thermic, modification be em- 
ployed. For, in experiments (not yet published), in which the 
eggs of Fundulus heteroclitus were subjected to the action of a 
temperature much below the normal, some terata and partic- 
ularly ophthalmic monsters resulted. The latter are due to loss 
at an early embryonic stage of parts of ophthalmoblastic material 
and to like damage sustained by the anterior part of the potential 
head. Thus anophthalmia results from such loss by the earliest 
brain primordium of the whole or nearly whole ophthalmoblsistic 
material. 

In some anophthalmic embryos such blastolytic optic-cup frag- 
ments or even small, fairly well differentiated optic-cups may on 
microscopic examination of sections be observed either enclosed in 
the brain between both hemispheres (intracerebral cyclopia, as it 
were, cf . Mencl '08, Figs. 2 and 3) or in a lateral position as a part 
of the brain. Such *' concealed" remnants of the optic cup may 
often lack the tapetum nigrum and the histological character of 
retina, owing to early destruction of some groups of cells which 
potentially corresponded to the lacking layers of the retina, and 
may thus give the appearance of a part of the brain. If it happens 
to come into contact with the epidermis, such ''a part of the 
brain" will stimulate the differentiation of a lens from it. 

This, undoubtedly, is exactly the condition in the case described 
by Mencl in 1903. I have many times observed unmistakable 
optic cups which lacked some of the histological characteristics 
of retina and whose structure was very much like that part of 
the '* brain'* in MencFs case (cf. Mencl '03, Figs. 2, 4 and 5, and 
also *o8. Fig. i), into which the larger one of the two lenses has, 
as it were, burrowed in. That part of the '* brain " is undoubtedly 
a ''verkappte" retina, as Spemann had once suggested. 

This, I think, disposes of the first, but most troublesome, case 
described by Mencl. It might perhaps be added that the asym- 
metric position of the two lenses^ in the head of this anophthal- 

i"Die linke liegt mehr dorsal und zugleich caudalwarts von der rechten" 
(Mencl. '03, p. 331). 
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mic anadidymus component cotild not be accounted for by 
"hereditary reminiscences,** while chance contact of remnants 
of dissociated ophthalmoblastic material of both sides with the 
epidermis does account for the origin of both lenses as well as for 
their asymmetrical position. Neither of them has arisen from 
predetermined, lens-forming cells — "durch Erinnerung,** but from 
indifferent ectoderm in response to stimuli from renmants of 
potential optic cups on the epidermis. 

The other "independent" lenses and lentoids described by 
Mencl ( *o8) can even much easier be demonstrated to be due to 
the same origin — blastolysis and subsequent contact of fragments 
of optic cup substance with the ectoderm. From his description 
of sections of the embryos underlying the Figs. 4, 5, 6, 7 and 8 the 
reader will easily gather that in these cases fragments of optic- 
cup substance^ have been profusely dispersed and in places of 
contact with ectoderm gave rise to lenses or lentoids. Mencl 
did not appreciate the full significance of his own observations, 
for referring to such an optic fragment ("Pigmentanhaufung," 
Fig. 5X, he says: "Was dies Gebilde bedeutet, kann ich nicht 
entscheiden — das Vorhandensein des Pigments jedoch, sowie die 
retinaariige Anordnung der Zellen in der benachbarten Hirnwand} 
lasst die Meinung entstehen, dass es sich dabei um irgend ein 
Rudiment einer atypisch und selbststandig zur Entwicklung 
gelangten Augenkomponente handelt" (p. 447). It is, indeed, 
difficult to understand just why, in spite of these observa- 
tions, Mencl claims that in these embryos "die selbststandige 
Entwicklung der Linsen iiber jeden Zweifel erhaben ist" (p. 

447). 

I have recently examined sections of a number of deformed 
Salmonid embryos (of another species) with such "independent*' 
lenses. The publication of the observations made on this ma- 
terial being reserved for a future publication, it may suffice to 
state that the conditions noted in several of these embryos bore 
a very striking resemblance to those in the embryos lately de- 
scribed by Mencl ('08). Here, too, subjective interpretation 

* "PigmentanhSufung/' " PigmentblSschen," " Pigmentfleck," "eine homogene, 
schwarze, l^gliche Pigmentmasse, welche in die Falte der retina-artigen Himwand 
hineinragt" (Mencl '08, p. 447)- 
* My own italics. 
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might easily lead to the. conclusion that the "eyeless" lenses 
arose by self-differentiation of the ectoderm. But careful obser- 
vation and rigid analysis of the noted relations of parts to each 
other leaves no doubt that all these lenses are products of stimuli 
from dispersed optic-cup substance. 

In a Fundulus monster described by me in a former paper 
(Werber '16c) there were no eye defects, but owing to a special 
method optic-cup substance was very profusely dissociated and 
dispersed through a large part of the head. Owing to this con- 
dition a great deal of the head ectoderm and even the epithelium 
of the mouth, infected, as it were, with such fragments of the 
optic anlage, responded by the formation of a great number of 
lentoids. Many more monsters resulting from the employment 
of the same method were examined in sections and they show 
very similar conditions. In other experiments in which the 
method employed was more destructive various eye defects such 
as monophthalmia or synopjithalmia or anophthalmia resulted. 
On examination of sections through these embryos not only 
lentoids, but well-differentiated, "eyeless" lenses were frequently 
observed and in nearly every one of these cases some more or less 
obvious traces of optic-cup substance can be observed in their 
immediate neighborhood. 

In the same paper I have pointed out that the "independ- 
ent" lenses which Stockard ('09, '10) described in teratoph- 
thalmic Fundulus embryos have also undoubtedly resulted from 
contact of ectoderm with such blastolytic fragments of the eye 
anlage. 

On that occasion I have also called attention to a very prob- 
able source of error in King's ('05)^ experiments in view of which 
the evidence she brought forth for the independent development 
of the lens in Rana palustris in contradiction to Lewis's ('04) 
unmistakable evidence to the contrary, appears to -be illusory. 

Experiments of other observers (Bell '06 and '07 and Ekman 
'14) also yielded results which decidedly contradict the idea of 
the independent development of the lens. And a very beautiful 
demonstration of the "lentogenic reaction" of the epidermis to a 
stimulus from an eye fragment was recently furnished by Wachs 
('14, p. 430 and Figs. 46, 47, 48 and 49). 

* Cf. the footnote on p. 221 of this paper. 
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This author transplanted in well-advanced larvae (hind legs 
developed) of Triton fceniatus, in which the eye was at the time of 
operation as fully developed as in the adult, a piece of the iris 
from the eye of one larva into the otic capsule of another larva 
of the same age. As a result he could in one case observe that a 
strand of epidermal epithelium which, owing to the operation, 
had grown in from the edge of the wound to the otic capsule, has 
given rise to "ein rundes Lentoid . . . mit konzentrisch gelager- 
ten Linsenfasern . . .." 

From all that hcis been said so far we may conclude that there 
eocists no valid evidence for the possibility of the origin of the lens 
by self-differentiation. On the contrary, observation in the normal 
development of the eye, evidence from teratophthalmic cases and all 
experimental evidence point to the correctness of Herbst's ( 'o j) and 
Spemann^s Coi) conclusion that the lens of the vertebrate eye de- 
pends in its development and differentiation from ectodermal epi- 
thelium upon a specific, apparently chemical, stimulus from the 
optic vesicle. 

This stimulus might perhaps be in the nature of an enzyme 
action by contact. Spemann ('05, '12), who recognizes the 
dependence of the development of the lens upon this specific 
stimulus in some species, assumes the possibility of a specific 
secretion by the optic cup or rather by the retinal part of the 
latter, to which, as he believes, may also be due the ''regenera- 
tion" of the lens from the iris of the fully developed amphibian 
eye. While this hypothesis appears to have received strong 
support from the beautiful experiments of his pupil Wachs 
(/. c), it seems to me perhaps premature to speak of a secretion 
in this case. For, aside from other considerations, the fact 
ascertained by Wachs (/. c.) that the supposedly secreted sub- 
stance is not conveyed by the blood of the animal to any other 
part of the body would seem sufficient to indicate that the retina, 
as Wachs himself concludes, has no such endocrine function. 
Nor is Wachs 's assumption of a secretion that '*bleibt auf das 
Auge und seine nachste Umgebung beschrankt*' (p. 446) justified 
by the results of his numerous experiments. 

There is, moreover, good reason to believe that the capacity 
for the "lentogenic stimulus'' is not at all restricted to the retinal 
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layers of the eye cup. For evidence is not lacking that the tape- 
turn nigrum is also capable of inducing the development of a lens 
(or lentoid) when in contact with ectodermal epithelium. Thus, 
as pointed out above (p. 235), some of the ** independent" 
lenses recorded by Mencl ( '08) very clearly owe their origin to 
contact of ectoderm with tapetum nigrum fragments ("Pig- 
mentblaschen," " Pigmentanhaufungen.'* '* Pigmentmasse "). 
It was also mentioned that in a considerable number of Fundulus 
monsters in my possession 'independent" lenses and lentoids 
can be demonstrated to be due to this "enzyme action" of the 
tapetum nigrum. This ability of the pigment layer of the optic 
cup is also suggested by some of Spemann's C12) and Stockard's 
(/. c.) figures. 

Whatever the nature of this action may be, whether or not 
we agree to regard it as an enzyme action, as I am inclined to do» 
it seems evident that all layers of the optic cup are capable of 
it. Even the iris epithelium which genetically is also a part of 
the optic cup may also be capable of this action. 

3. The Origin of the Secondary Lens — in " Regeneration."^ 
Bearing in mind this apparent ability of the embryonic ecto- 
derm for lens formation — by ''enzyme action," it may perhaps 
no longer be difficult to account, at least theoretically, for its 
secondary formation — "regeneration" — ^from the iris after the 
exstirpation of the primary lens from the fully developed eye 
of the amphibian larva or even the adult. 

An attempt in this direction has already been made by Wachs 
(/. c.) who accounts for this phenomenon as a reaction of the 
epithelium of the iris to the "secretion " of the retina. Although 
I find it difficult to accept the evidence for this secretion, I believe 
that Wachs *s idea is correct in the main. The secondary for- 

1 1 am not inclined to regard the formation of the lens from the epithelium of the 
iris as a case of true regeneration in the precise meaning of that term. From the 
histogeneiic point of view we must say that this matrix {the iris) gives rise to the lens 
for the first time and thus it generates, but does not regenerate, it. Considering^ on 
the other hand, the secondary lens in relation to the whole visual organ or to the entire 
body of the animal, it is difficult to deny that we are here dealing with a case of what 
is commonly regarded as regeneration (" Ersatz ", '* Nachbildung *', " Nach« 
wachsen", " Wiederwachstum "). Without wishing, therefore, to decide pn the 
fitness of the term in this connection, I am employing it only in quotation marks. 
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mation of the lens — from the epithelium of the iris — is probably 
a response (reaction or complex of reactions) to a chemical stim- 
ulus just as much as its primary development from the supra- 
ocular epidermis of the early embryo. 

But, it may well be asked, if there is no such secretion as as- 
sumed by Wachs, what is the nature of the chemical stimulus 
and whence, from what sourcfe, or from what part of the eye does 
it issue? Two possibilities suggest themselves as an answer to 
this query. It may be imagined that, owing to the operation, 
the iris comes into temporary contact with the inner wall of the 
optic cup, from which it might thus receive the stimulus for the 
formation of a lens in the same manner as in the embryo the supra- 
ocular epidermis from the optic vesicle. Such contact due to a 
collapse of the optic cup^ may result from the methods of opera- 
tion employed by Wolff ( '95) and the other experimenters (with 
the exception of Wachs). However, I am not inclined to give 
serious consideration to this possibility, as this contact of the 
pupillary edge of the iris is not necessary for the "regeneration" 
of a lens, for in Wachs 's experiments the method of operation 
excludes it altogether. The experiments of the latter author, 
however, do not, as he believes, exclude another possibility which 
to me seems well worthy of careful consideration. 

Wachs (/. c, pp. 416-426) has raised the question whether the 
iris is capable of forming a lens without any outside stimulus 
C'aus sich heraus'*)- He was led to consider this possibility 
by the results of some of his experiments, in which a fragment of 
the iris, implanted into the posterior chamber of an eye deprived 
of its lens ** regenerated'' a lens, even if it did not heal on to the 
iris. This lens may even be better differentiated than the lens 
simultaneously '* regenerated'* by the latter. 

To decide whether the fragment of iris in these cases formed a 
lens under the influence of a secretion from the retina or — '*aus 

1 According to a statement by MQller ('96) no lens is formed by the iris aftei 
extraction of the primary lens, if the vitreous body is injured. Were this state- 
ment correct, no lens could arise from the iris owing to its contact with the optic 
cup by collapse of the latter. It is evident, however, that MUller's observation is 
incorrect, for in Wolff's {L c.) and in some of Fischel's ('00 and '02) experiments 
in which a lens or lentoids did form from the iris, the vitreous body was undoubtedly 
injured, since the whole optic cup was damaged. 
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sich heraus," he transplanted (in a number of experiments) a 
fragment of the iris under the skin of the head. The result was 
n^ative, as the piece of iris disintegrated and was resorbed. 

Wachs concluded from this result that the site of this trans- 
plantation was apparently unfavorable and he, therefore, in the 
next experiments transplanted a fragment of the iris into the 
otic labyrinth, after first removing a part of the latter. The 
following results were obtained: 

In several cases where the fragment was "small," i. c, con- 
sisted of iris only without retinal cells or with some very few of 
the latter, no lens-like structures were formed. In a number of 
instances, however, where the fragment was "larger," i. c, con- 
taining more retinal cells, lentoids were formed (apparently from 
the iris), while in several other cases the transplanted fragment 
was transformed into a small eye with a lens, which latter Wachs 
considers as formed from the fragment of iris. However, in a 
number of instances (pp. 425, 426-428) where the transplanted 
fragment contained many retinal cfells and was in good condition 
("trotz guter Erhaltung") no lens-like structures were formed. 

These results are, obviously, inconclusive. They certainly 
do not permit of Wachs 's conclusion that the lentoids and lenses 
of the "positive" cases owe their origin to a stimulus from a 
secretion of the retinal cells (carried with the transplanted frag- 
ment of iris). For, why could not such effect of the retinal 
"secretion" be observed in the "negative" cases in spite of con- 
siderable retina? From these results I can read no definite, 
unmistakable, answer to the question which they were to answer. 

For the following reasons, however, I should regard the query 
as a very pertinent one. 

We know that the retina (Spemann, Lewis, Le Cron, Bell, 
Ekman, Werber and others) can furnish the stimulus for the 
formation of a lens from an epithelial derivative of the ectoderm 
(even epithelium of the mouth — Mencl, '08, and Werber, 'i6c) 
by contact with it. Besides being capable of furnishing the 
stimulus for this "lentogenic reaction" the retina (an ectodermal 
derivative) is according to FischeFs ('oo, '02) and my (Werber, 
*i6c) observations capable also of responding to such a stimulus — 
the lentoids of the retina. Whence does this stimulus issue in 
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the case of the formation of the retinal lentoids? Considering 
the fact that the retinal cells can both furnish the "lentogenic" 
stimulus and respond to it, it would certainly seem not far fetched 
to assume that the stimulus for the formation of the lentoids by 
the cells of the retina issues from themselves. In this case the 
retinal cells react to their own "lentogenic enzyme." Both the 
conditions for furnishing the stimulus and the latent potency of 
responding to such a stimulus are known to be present in the 
retina. May not this double capacity underly also the formation 
of the lens from the iris? 

To answer the latter question it would be necessary to find 
out whether the iris besides its known potency of forming a lens 
(Wolff, Miiller, Fischel, Wachs, and others) is also capable of 
furnishing the '*lentogenic stimulus," if in contact with epithe- 
lium (or some other ectodermal derivative). Unfortunately, 
however, the question cannot be answered definitely at the present 
time. 

There exists only one experiment (by Wachs, /. c, p. 430 and 
Figs. 45, 47, 48 and 49) which suggests this possibility, but the 
conditions in this experiment are not quite clear. A fragment 
of the iris was in this case (No. 39) transplanted into the car- 
tilaginous capsule of the otic labyrinth. This fragment stimu- 
lated the formation of a lens (Fig. 49) from a strand of epithelium 
that had grown in from the edge of the wound. It is uncertain, 
however, whether in this case the "lentogenic" stimulus issued 
from the iris or perhaps from retinal cells contained in the trans- 
planted fragment. For while on p. 429 Wachs states that this 
fragment was "ein Stiick der oberen Iris" and that "nach 28 
Tagen . . . war das Stuck mit Goldpigment noch deutlich 
sichtbar," on p. 447 (in the summary) he refers to it as. "ein 
Stock des Auges" and in the record (p. 423) this case (No. 39) 
is enumerated among those in which "ein Stiick des oberen 
Augenteiles" was transplanted into the labyrinth. Wachs 
himself, however, does not state whether he assumes that in this 
case the regenerated epithelium formed the lens under the in- 
fluence of retinal cells or of the iris. 

There is no reason, however, why the latter possibility should 
be excluded. It is certainly not excluded by those experiments 
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of Wachs in which a fragment of the eye cup containing both iris 
and retina (cf. Fig. 50) transplanted "dicht unter die Haut" 
hcis failed to stimulate lens-formation from the latter, but instead 
has so altered it that it gave the appearance .''einer kleinen 
Cornea." For in these cases the failure to induce the lentogenic 
reaction might have to be attributed to the retinal as well to the 
iris-part of the transplanted fragment; it may, however, be due to 
the circumstance that the skin of the relatively old larvae was no 
longer capable of responding to a '^lentogenic stimulus." The 
latter possibility may be implied from the (above-mentioned) case 
(pp. 237 and 241) in which owing to the operation an ingrowing 
strand of epithelium formed a lens under the influence of the 
transplanted fragment of the optic cup. For, as Wachs himself 
concludes, we are in that case (No. 39) dealing with "Abkomm- 
linge von Hautzellen, die, neugebildet und noch undifferenziert, 
offenbar die gleiche Fahigkeit der Linsenfaserbildung haben 
konnen, wie einst die junge Haut ..." (/. c, p. 430). 

But while there is, as we see, no definitely known instance of 
lens-formation owing to a stimulus from the iris, there is, on the 
other hand, nothing that would contradict the assumption that 
the iris is capable of exerting such a stimulus on ectodermal 
derivatives. Moreover, the very fact that the other parts of the 
optic cup (retina and tapetum nigrum) can furnish the lento- 
genic stimulus would make it appear very probable that the iris 
which genetically is also a part of the optic cup (proper), is like- 
wise possessed of the ability to induce the "lentogenic reaction." 

Granting the correctness of this assumption (which eventually 
may be borne out by suitable experiments), we would in the case 
of the iris be confronted by the same conditions as in the case of 
the retina. It is known that the iris can form a lens, and if, as 
seems probable, it can also induce the formation of a lens from 
ectodermal epithelium, the assumption may be justified that in 
the formation of a lens from the pupillary edge of the iris, which 
is an ectodermal derivative, its cells respond to their own ''len- 
togenic enzyme." 

These conditions apparently obtaining in the formation of 
lentoids from the retina and very probably also in the "regenera- 
tion" (secondary formation) of the lens from the iris are in prin- 
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ciple similar to the conditions obtaining in the primary (embry- 
onic) formation of the lens, although the morphogenetic scheme 
of the latter cannot be fully applied to either the retinal lentoids 
or to the lens formed from the iris. The chief difference between 
the two modes of the morphogenesis of the lens is that while the 
origin of the 'Mentogenic stimulus" and the part responding to 
it are locally separate in the primary formation of the lens, they 
would — granting the correctness of our interpretation — coincide 
locally in the secondary formation of the lens from the iris or of a 
lentoid from the retina. 

In order to fully understand the morphogenetic process under- 
lying the ''regeneration" of the lens from the iris (or of lentoids 
from the retina), it would also seem necessary to explain just how 
the "lentogenic stimulus," the latent capacity for which is prob- 
ably possessed by the whole optic cup proper, is activated on the 
extraction of the primary lens. An answer to this query is, I 
believe, partly given by some of Fischel's (*02) experiments, 
which I shall review in the following. 

The lens is so tightly enclosed by the iris that on its extraction 
slight injuries to the latter result. No matter how carefully the 
operation may be performed, slight, unnoticeable, lesions (abra- 
sions?) of the cells of the pupillary edge of the iris may be una- 
voidable.^ The significance of these, otherwise perhaps negli- 
gible, physical alterations of these cells of the iris resulting from 
the operation suggested itself to Fischel (*02, pp. 106-109 S) 
from the observation of small lenses and lentoids formed not only 
by the pupillary edge but also from other parts of the iris. Being 
aware of accidental injuries to the eye cup and to the iris in some 
of his experiments he thought of a possible causal connection be- 
tween the latter and such lenses or lentoids located in various 
parts of the iris. In order to test the correctness of his tentative 
interpretation he performed a number of experiments in which 
besides the exstirpation of the lens various parts of the iris were 
purposely injured. On microscopic examination of the results 
he was able to observe that small lenses or lentoids were formed 

* According to E. Uhlenhuth (quoted from Loeb '16) who cultivat'^d fragments 
of the iris by Harrison's explantation method, it is to these abrasions that the loss 
of the pigment by the cells of the iris is due. Owing to this injury of the cells 
the pigment granules are liberated into the lumen of the optic cup where, as Wolff 
(•95) has observed, they may be absorbed by leucocytes. 



Digitized by 



Google 



244 E. I. WERBER. 

from just such intentionally, and still discemibly distorted, parts 
of the iris. In several experiments Fischel observed besides the 
formation of a lens from the pupillary edge of the iris small 
double lenses, or twin (fused) lenses and in one case even three 
lenses in other parts of the latter. For the formation of these 
double (or multiple) structures Fischel, I think, correctly ac- 
counts by close proximity to each other of two (or more) places 
of injury.^ Even the size of such lens-like structures he regards 
as dependent upon the extent (number of cells) of the injured area. 

The lens formed by the pupillary edge of the iris after exstir- 
pation of the primary lens is usually as large and as well differen- 
tiated as the latter. This, according to Fischel, is due to the 
circumstance that on extraction of the lens a large area comes 
under the stimulus of the injury, and also to the fact that the 
pupillary margin of the iris being an epithelial fold, it affords the 
best means for the formation of a lens-bud (the **Knoten" — 
Wolff '95), the first step in which is always a folding of the 
corresponding part of the epithelium. 

Another apparent confirmation of this " Reizhypothese " was 
furnished by the lentoids of the retina. The latter were observed 
by Fischel ('02) in many experiments in which owing to the 
extraction of the lens the eye bulb sustained accidental injuries. 
The experimental test — intentional injury of the retina — ^again 
gave positive results. The "retinal lentoids" could be demon- 
strated to be due to transformation of thus injured cells or groups 
of cells of the retina into such lens-like structures. The fact that 
only the latter and not fully differentiated lenses of large size can 
be formed by the retina on mechanical stimulation is, according 
to Fischel, accounted for by the small area of such stimulation 
and by the difficulty of forming a Ictrge fold. 

This ability of the retinal cells to become transformed into 
lens-like structures Fischel regarded already in 1902 as no more 
surprising than, (as demonstrated by his experiments), that of 
any part of the iris, or of the epithelium of the skin in normal 

» In some experiments of Wachs (/. c.) in which a fragment of the iris was intro- 
duced into the posterior eye chamber of another animal whose lens has been 
extracted, both the implanted fragment and the animal's own iris formed a lena. 
In some of these cases where the fragment coalesced with the iris, two more or less 
fused lenses were observed at the point of coalescence, one formed by the foreign 
fragment and one by the iris. 
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ontogeny. Already at that time he regarded it as a primary 
potency of all derivatives of the ectoderm. As the additional 
factor, however, necessary for this transformation of ectodermal 
derivatives he . assumed an unknown stimulus which in the 
"regeneration" of the lens from the iris **in jenen Alterationen 
zu suchen ist, welche das regenerierende Gewebe direkt durch den 
experimentellen Eingriff selbst erfdhrt . . . von welchen die 
Zellen der Iris bei der Linsenextraktion betroffen werden" 
('02, p. 106). 

This unknown stimulus Fischel ( *i6) now regards as a chemical 
one from a secretion by the optic cup, or more specifically, from 
the retina which in conformance with Spemann and Wachs he 
also assumes. To the stimulus from this secretion he attributes 
the transformation of the supra-ocular epidermis into a lens in the 
embryo as well as the like transformation of the cells of any in- 
jured part of the optic cup (iris or retina). 

While in the main I agree with Fischel by recognizing the 
necessity of an injury to that part of the iris or retina from which 
the secondary lens or lentoid arises, as proven, I am, as already 
stated, inclined to doubt the probability of a secretion by the eye 
cup as the additional factor involved in the stimulus for the for- 
mation of the secondary lens. Undoubtedly, with the present 
data at hand, it is difficult to deny that some chemical process is 
apparent in the morphogenesis of both the primary and the secon- 
dary lens. This process, however, may, as was pointed out in the 
preceding pages, be due to a substance (a *'lentogenic enzyme**) 
apparently contained by all parts of the eye cup already in the 
stage of the optic vesicle or even earlier. The activation, how- 
ever, of this "enzyme** seems in the case of the ** regeneration*' 
of the lens to be in some way due to the injury of those cells of 
the iris which subsequently become transformed into lens fibers. 

What would yet remain to be explained is the nature of the 
relation of the injury of the cells to the activation of their own 
'*lentogenic enzyme.** On this point, however, I should venture 
no opinion at the present time. 

One apparent objection to our interpretation may yet be 
considered. 

It is known from experiments by Wolff (*03) that if a part of 
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the iris be removed by cutting (iridectomy) without removing 
the lens, the iris will regenerate but form no lens-like structures. 
Wachs (/. c.) attempted to account for this fact by the assumption 
of a secretion from the lens which would inhibit the formation 
of another lens. The results of some of his experiments, he 
believes, substantiate this conclusion. In these experiments the 
lens was removed and subsequently the lens of another animal 
of the same or a related species was introduced into the eye. In 
no case in which the foreign lens healed into the eye was a lens 
"regenerated." This result, however, permits of another inter- 
pretation, in which no resort is made to the improbable assump- 
tion of the '*antisecretion" by the lens. 

Indeed, Wachs *s own ingenious experiments performed for the 
solution of this particular part of the lens-problem would seem to 
disprove rather than to prove the assumption of a secretion. For 
they show that the ** regeneration" of a lens is inhibited only 
when the (smaller) lens implanted into the eye, heals into it, i. c, 
comes into close contact with the iris ("so dass die verengerte 
Iris sich ihr ringsum dicht anschliesst . . . ," p. 404). If, how- 
ever, such contact is not effected — "liegt jedoch die aus dem 
jiingeren Tiere implantierte kleinere Linse mehr oder weniger in 
der vorderen oder hinteren Kammer, so wVd eine Regeneration 
eingeleitet." 

Wachs has ascertained beyond doubt that the inhibition is in 
these cases due not only to the mechanical effect of the contact, 
but very apparently also to a chemical action. While, however, 
he strongly inclines to the belief that the chemical action is due 
to a secretion, I think it can easily be shown also in all other of his 
experiments by which the matter was tested, that this chemical 
action is conditioned by contact of the implanted lens with the iris. 

These important experiments of Wachs, strengthened further 
by some interesting results of Fischel's ('02) experiments^ would 

* Fischel exstirpated the lens and replaced it by small spherical fragments of 
the potato tuber. Whenever this "imitation lens" was large enough to fit the 
pupilla, no "regeneration" of a lens from the latter took place. If, however, its 
diameter was smaller than that of the pupilla. partial "regeneration" of the lens 
or at least an "attempt" towards it was noted, complete "regeneration" being 
impossible owing to mechanical obstruction by the potato fragment. This experi- 
ment clearly demonstrates that the extraction of the lens eliminates not an in- 
different body, but one with a specific, inhibiting, action. 
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seem, however, to leave no doubt that the lens contains some- 
thing, some substance that apparently inhibits the formation 
of another lens from the iris which would invariably occur in its 
absence.^ This substance, however, again need not necessarily 
be secreted, in order to neutralize the action of the ''lentogenic 
enzyme." Just what the nature of this substance may be, is, of 
course, altogether a matter of conjecture. It might perhaps be 
imagined as an "antibody" ("antigen") contained in the periph- 
eral part (the epithelial cells) of the lens and the realization of 
its inhibiting action may be due to close contact of that part of 
the lens with the epithelium of the iris. 

This "antibody" being, just like the lens, a product of the 
"lentogenic reaction," we may perhaps in the case of the verte- 
brate eye eventually have a striking example of some of the 
factors (synthetic enzyme action — Loeb, '16) concerned not 
only with development and growth, but also with the limitation 
of the latter^ for the attainment of proper size relations, and with 
the maintenance of a chemical equilibrium indispensible for the 
undisturbed existence of a structure or an organ.' 

» Fischel ('16) has recently furnished another interesting example of the ap- 
parent chemical action of the lens which he also considers as a "secretion." He 
transplanted in larvae (about 3 cm. large) of Salamandra maculosa the exstirpated 
lens under the skin of various parts of the head or trunk. As a result he observed 
that, while the lens underwent a gradual dediiferentiation and eventual absorption, 
the skin above the transplantate showed remarkable changes. The unicellular 
glands (the cells of Leydig) disappeared from the corresponding region of the skin, 
which, owing to the morphological changes, by its appearance suggested a similarity 
to "frUhe Entwicklungsstadien des Hautepithels" (p. 37)- Eventually this region 
of the skin became transparent and was very similar to a fully differentiated 
cornea. — Similar observations were, as mentioned above (p. 242), recorded also by 
Wachs (I. c.) on transplanting parts of a fully differentiated optic cup under the skin. 

* The fact that the " regenerating " lens does not grow indefinitely (as it might, 
if it were a benign tumor — ^regarded as such at one time by Fischel, '00), but is 
limited in its growth to attain just the size to fit the pupilla. has recently occasioned 
J. Loeb ('16) to raise the question regarding the factors limiting growth. Ac- 
cording to our assumption it might perhaps be imagined that every tissue (or 
structure) elaborates during its development a substance (an "antibody") which 
inhibits its growth beyond certain limits. In this case both growth and its auto- 
matic limitation would be conditioned by the same factors of development. 

* Fischel ('16) concludes from his experiments that the already fully differentiated 
ens needs the chemical influence of the eye for its normal (undisturbed) existence. 

OsBORN Zoological Laboratory, 

Yale University, October 4, 191 7. 
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Abt. XI. — A Century of Zoology in America; by 
Wesley R. Coe. 

This article is intended as a brief survey of the devel- 
opment of zoology in America^ and no attempt is made 
to give a general history of the science. There are 
numerous accounts in several languages of zoological 
history in general, among them being W. A. Locy's 
** Biology and its Makers.*' Brief outlines of the history 
of zoology may be found in many zoological and biolog- 
ical text-books. 

For the history of American zoology the reader is 
referred to Packard's report on **A Century's Progress 
in American Zoology," published in the American Nat- 
uralist, (10, 591, 1876), to Packard's **History of Zool- 
ogy," published in volume 1 of the Standard Natural 
History (pp. bdi to Ixxii, 1885); to G. B. Goode's 
'^ Beginnings of Natural History in America,"^ and 
^'Beginnings of American Science, "^ and to H. S. Pratt's 
Manual of the Common Invertebrate Animals (pp. 1-9), 
1916. In Binney's ** Terrestrial Air-breathing Mollusks 
of the United States" (1851) is a chapter on the rise of 
scientific zoology in the United States which well describes 
the zoological concfitions in the early part of the century, 
while numerous monographs and papers give the history 
of the investigations on the various groups of animals 
or on special fields of study. 

Brief biographical sketches of the most distinguished 
of OUT older Naturalists — ^Wilson, Audubon, Agassiz, 
Wyman, Gray, Dana, Baird, Marsh, Cope, Goode and 
Brooks are given in ** Leading American Men of Sci- 
ence," edited by David Starr Jordan, 1910. 

The developmental history of zoology in America falls 
naturally into four fairly well marked periods, namely: — 
1, Period of descriptive natural history, previous to 
1847, embracing the early studies on the classification 
and habits of animals, characteristic of the zoological 
work previous to the arrival of Louis Agassiz in Amer- 
ica. 2, Period of morphology and embryology, 1847- 
1870, durinfiT which the influence of Agassiz directed the 

* Proc Biol. Soc. Washington, 3, 35, 1886. 

*rbid, A, 9, 1888. Both of these papers are reprinted in Ann. Bept. 
Smithsonian Inst, 1897, U. S. Nat Mus., Pt 2, pp. 357-466, 1901. 
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zoological studies toward problems concerning the rela- 
tionships of animals as indicated by their structure and 
developmental history! , 3, Period of evolution, 1870- 
1890, when the principle of natural selection received 
general recognition and the zoological studies were 
largely devoted to the applications of the theory to 
all groups of animals. 4, Period of experimental biol- 
ogy, since 1890, during which time have occurred the 
remarkable advances in our knowledge of the nature of 
organisms through the application of experimental 
methods in the various branches of the modem science of 
biology. 

American Zoology in 1818. 

At the beginning of the century which this volume 
commemorates, the accumulated biological knowledge of 
the world consisted mainly of what is to-day <^ed 
descriptive natural history. The zoological treatises of 
the time were devoted to tiie names, distinguishing char- 
acters and habits of the species of animals and plants 
known to the naturalists of Europe either as native 
species or as the results of explorations in other parts 
of the world. This required little more than a super- 
ficial knowledge of their general anatomical structures. 

The naturalists of those days had nd conception of the 
life within the cell which we now know to form the basis 
of all the activities of animals and plants, nor had they 
even the necessary means of studying such life. The 
compound microscope, so necessary for the study of even 
the largest of the cells of the body, was not adapted to 
such use until 1835, although the instrument was invented 
in the 17th century. With the perfection of the micro- 
scope came a period of enthusiastic study of microscopic 
organisms and microscopic structures of higher animals 
and plaAts. It was not until twenty years after the 
founding of this Journal that the cell theory of structure 
and function in all organisms was established by the 
discoveries of Schleiden and Schwann. 

At the beginning of the century there was great zoolog- 
ical activity in Europe, and particularly in France. Buf- 
fon's great work on the Natural History of Animals had 
recently been completed, Cuvier had only one year before 
published his classic work in comparative anatomy, 
**Le Regne Animal,'* and Lamarck's **Philosophie 
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Zoologique" had then aroused a new interest in classi- 
fication and comparative anatomy from an evolutionary- 
standpoint. E. Geoff roy St.-Hilaire was at the same 
time supporting an evolutionary theory based on embry- 
onic influences resulting in sudden modifications of adidt 
structure. These epoch-making discoveries and theories 
gained a considerable following in France, Germany and 
England, but seem to have had little influence on the 
zoological work of the following half century in America. 

The science of zoology as understood to-day is com- 
monly said to have been founded by Linnaeus by the 
publication of the modem system of classification in the 
tenth edition of his **Systema Naturae '' in 1758. The 
influence of Linnaeus aroused an interest in biological 
studies throughout Europe and stimulated new investi- 
gations in all groups of organisms. Such studies as 
related to animals naturally followed first the classifica- 
tion and relationship of species, that is, systematic 
zoology, and then led gradually into the development of 
the (Afferent branches of the subject, as morphology, 
comparative anatomy, physiology, and embryology, 
which eventually were recognized as almost independent 
sciences. 

Of these sciences systematic zoology, which has come 
to mean the classification, structure, relationship, distri- 
.bution and habits, or natural history, is the pioneer in any 
region. Thus we find in our new country at the time of 
the founding of this Journal in 1818, only sixty years 
after the publication of Linnaeus* great work, the begin- 
ning of American zoology taking the form of the collec- 
tion and description of our native animals. 

It is true that many of our more conspicuous and easily 
collected animals were described long before the opening 
of the 19th century, but this is to be credited mainly to 
the work of European naturalists who had made expedi- 
tions to this country for the purpose of studying and 
collecting. These collections were then taken to Europe 
and the results published there. We thus find in the 12th 
edition of Linnaeus descriptions of over 500 American 
species, about half of which were birds. As an illustra- 
tion of the extent to which some of these works covered 
the field even in those early days may be mentioned a 
monograph in two quarto volumes with many beautifully 
colored plates on the *' Natural History of the rarer Lepi- 
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dopterous Insects*^ of Georgia. This was published in 
London in 1797 by J. E. Smith from the notes and draw- 
ings of John Abbot, one of the keenest naturalists of 
any period. 

During the early years of the 19th century, however, 
economic conditions in our country became such as to give 
opportunity for scientific thought. Educated men then 
formed themselves into societies for the discussion of 
scientific matters. This naturally led to the establish- 
ment of publications whereby the papers presented to the 
societies could be published and made available to the 
advancement of science generally. The most influential 
of these was the Journal of the Philadelphia Academy of 
Natural Science, which was established in 1817, and was 
devoted largely to zoological papers. The Annals of the 
New York Lyceum of Natural History date from 1823, 
and the Journal of the Boston Society of Natural History 
from 1834. The Transactions of the American Philo- 
sophical Society in Philadelphia and the Memoirs of the 
American Academy of Arts and Sciences in Boston also 
published many zoological articles. 

In these publications and in this Journal, which was 
founded in 1818, appear the descriptions of newly dis- 
covered animal species, with observations on their habits. 

The number of investigators in this field in the first 
quarter of the 19th century was but few, and most of 
these were compelled to take for the work such time as 
they could spare from their various occupations. 

Gradually the workers became more numerous until 
about the middle of the century zoology was taught in all 
the larger colleges.* The science thereby developed into 
a profession. 

For some years the studies remained largely of a sys- 
tematic nature, and embraced all groups of animals, but 
long before the close of the century the attention of the 
majority of the ever increasing group of zoologists was 
directed into more promising channels for research and 
there came the development of the sciences of compara- , 
tive anatomy, physiology, embryology, experimental 
zoology, cytology, genetics, and the like, while the sys- 
tematists became specialists in the various animal groups. 

But the work in systematic zoology remains incomplete 
and many native species are still undescribed or imper- 
fectly classified. It is perhaps fortunate that a few 
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faithful systematists remain at their tasks and tend to 
keep the experimentalists from the disaster which might 
well result from the unwitting confusion of their species. 

Period op Descrh^tive Natural History. — Previous to 1847. 

Of the few American naturalists whos^ writings were 
published toward the end of the eighteenth century and 
at the beginning of the nineteenth the names of William 
Bartram (1739-1823), Benjamin Barton (1766-1815), 
Samuel Mitchill (1764-1831), William Peck (1763-1832), 
and Thomas Jefferson (1743-1826), require special men- 
tion. Bartram 's entertaining volume describing his 
travels through the Carolinas, Georgia and Florida, pub- 
lished in 1793, contains a most interesting account of the 
birds and other animals which he found. 

Barton wrote many charming essays on the natural 
history of animals, but was more particularly interested 
in botany. Mitchill ^s most important works include a 
history of the fishes of New York (1814), and additions to 
an edition of Bewick ^s General History of Quadrupeds. 
The latter, published in 1804, contains descriptions and 
figures of some American species and is the first Ameri- 
can work on mammals. 

Peck has the distinction of writing the first paper on 
systematic zoology published in America. This was a 
paper on new species of fishes and was printed in 1794. 
He is also well faiown for his work on insects and fungi. 

Jefferson in 1781 published an interesting book 
describing the natural history of Virginia, and during 
his presidency was of inestimable service to zoology 
through his support of scientific ^peditions to the west- 
em portions of the country. 

Previous to Agassiz's introduction of laboratory meth- 
ods of study in comparative anatomy and embryology in 
1847, American naturalists generally confined their atten- 
tion to the study of the classification and habits of the 
multitude of undescribed animals and plants of the 
region. 

Such studies were naturally begun on the larger and 
more generally interesting animals such as the birds and 
mammals, and although many of these were fairly well 
described as to species before the opening of the 19th 
century, little was known of their habits. The natural 
history of our eastern birds first became well known 



Digitized by 



Google 



360 Coe — A Century of Zoology i/n America. 

through the accurate illustrations and exquisitely written 
descriptions of Alexander Wilson (in 1808-1813). Bona- 
parte's continuation of Wilson's work was published in 
four folio volumes beginning in 1826. 

In 1828 appeared the first of Audubon's magnificent 
folio illustrations of our birds. These were published in 
England, with later editions of smaller plates in America. 
Nuttall's Manual of the Ornithology of the United States 
appeared in 1832-1834. 

The second work on American mammals appeared in 
the second American edition of Guthrie's Geography, 
published in 1815. The author is supposed to have been 
George Ord, although his name does not appear. In 1825 
Harlan published his ** Fauna Americana: Descriptions 
of the Mammiferous Animals inhabiting North Amer- 
ica." This was largely a compilation from European 
writers, particularly from Demarest's Mammalogie, and 
had little value. 

In 1826 Amos Eaton published a small '* Zoological 
Text-book comprising Cuvier's four grand divisions 
of Animals: also Shaw's improved Linnean genera, 
arranged according to the classes and orders of Cuvier 
and Latreille. Short descriptions of some of the most 
common species are given for students' exercises. Pre- 
pared for Rensselaer school and the popular class-room." 
^*Four hundred and sixty-one genera are described in 
this text-book. They embrace every known species of 
the Animal Kingdom." This is a compilation from 
European sources with a few American species of various 
groups included. On the other hand, Godman's Natural 
History, in three volumes (1826-1828), was an illustrated 
and creditable work. Such was also the case with Sir 
John Richardson's Fauna Boreali Americana of which 
the volume on quadrupeds was published in England in 
1829. The other volumes on birds, fishes and insects 
appeared between 1827 and 1836. Audubon and Bach- 
man's beautifully illustrated ** Quadrupeds of North 
America" was issued between 1841 and 1850. 

About 1840 several of the states inaugurated natural 
history surveys and published catalogues of the local 
faunas. The reports on the animals of Massachusetts 
and New York are the most complete zoological mono- 
graphs published in America up to that time. This is 
particularly true of DeKay's Natural History of New 
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York published between 1842 and 1844 in beautifully 
illustrated quarto volumes. 

The leader in the systematic studies in the early part 
of the century was Thomas Say, who published descrip- 
tions of a large number of new species of animals, par- 
ticularly reptiles, nioUusks, Crustacea and insects. Say's 
conchology, printed in 1816 in Nicholson's Cyclopedia, 
is the first American work of its kind. This was 
reprinted in 1819 under the title **Land and Fresh- water 
Shells of the United States." In 1824-1828 appeared 
the three volumes of Say's American Entomology. 

The prominent position held by Say in the zoological 
work of this period is illustrated by the following para- 
graph from Eaton's Zoological Text-book (1826, p. 133). 
*'At present but a small proportion of American Ani- 
mals, excepting those of large size, have been sought out 
. . . And though Mr. Say is doing much; without assist- 
ance, his life must be protracted to a very advanced 
period to afford him tim^ to complete the work. But if 
every student will contribute his mite, by sending Mr. 
Say duplicates of all undescribed species, we shall prob- 
ably be in possession of a system, very nearly complete, 
in a few years." How different is the attitude of the 
zoologist of to-day who sees the goal much further away 
after a century's progress through the industry of hun- 
dreds of investigators. 

During the period of Say's most active work he is 
reported to have ^' slept in the hall of the Philadelphia 
Academy of Natural Sciences, where he made his bed 
beneath the skeleton of a horse and fed himself on bread 
and milk." 

Next to Say, the most active zoologist of the early part 
of the century was Charles Alexander Lesueur, who 
described and beautifully illustrated many new species of 
fishes, reptiles, and marine invertebrates. A memoir by 
George Ord, published in this Journal (8, 189, 1849), 
gives a full list of Lesueur 's papers. 

One of the most prolific writers of the period was Con- 
stantine Rafinesque, a man of great brilliancy but one 
whose imagination so often dominated his observations 
that many of his descriptions of plants and animals are 
wholly unreliable. 

United States Exploring Expedition, — In 1838 a fortu- 
nate circumstance occurred which eventually brought 
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American systematic zoology into the front ranks of the 
science. This opportunity was offered by the United 
States Exploring Expedition under the command of 
Admiral Wilkes. With James D. Dana as naturalist, the 
expedition visited Madeira, Cape Verde Islands, eastern 
and western coasts of South America, Polynesia, Samoa, 
Australia, New Zealand, Fiji, Hawaiian Islands, west 
coast of United States, Philippines, Singapore, Cape of 
Good Hope, etc. 

Of the extensive collections made on this four-years' 
cruise, Dana had devoted particular attention to the 
study of the corals and allied animals (Zoophytes) and to 
the Crustacea. In 1846 the report on the Zoophjrtes was 
published in elegant folio form with colored plates. 
Six years later the first volume of the report on Crus- 
tacea appeared, with a second volume after two 
additional years (1854). These reports describe and 
beautifully illustrate hundreds of new species, and 
include the first comprehensive studies of the animals 
forming well-known corals. They remain as the most 
conspicuous monuments in American invertebrate zool- 
ogy. Unfortunately the very limited edition makes them 
accessible in only a few large libraries. The other, 
equally magnificent, volumes include: MoUusca and 
Shells, by A. A. Gould, 1856; Herpetology, by Charles 
Girard, 1858; Mammalogy and Ornithology, by John 
Cassin, 1858. 

Principal investigators. — Of the many writers on ani- 
mals at this period of descriptive natural history, the fol- 
lowing were prominent in their special fields of study : 

Ayres, Lesueur, Mitchill, Storer, Linsley, Wyman, 
DeKay, Smith, Kirtland, Rafinesque and Haldeman 
described the fishes. 

Green, Barton, Harlan, Le Conte, Say, and especially 
Holbrook, studied the reptiles and amphibia. Holbrookes 
great monograph of the reptiles (North American Her- 
petology) was published between 1834 and 1845. 

Wilson, Audubon, Nuttall, Cooper, DeKay. Brewer, 
Ord, Baird, Gould, Bachman, Linsley and Fox, were 
among the numerous writers on birds. 

Godman, Ord, Richardson, Audubon, Bachman, De- 
Kay, Linsley and Harlan, published accounts of mam- 
mals. 

On the invertebrates an important general work enti- 
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tied **Invertebrata of Massachusetts; MoUusca, Crus- 
tacea, Annelida and Radiata'' was published by A. A. 
Gould in 1841, which contains all tiiie New England 
species of these groups known to that date. 

Lea, Totten, Adams, Barnes, Gould, Binney, Conrad, 
Hildreth, Haldeman, were the principal writers on mol- 
lusks. The Crustacea were studied by Say, Gould, Halde- 
man, ^ Dana ; the insects by Say, Melsheimer, Peck, 
Harris, Earby, Herrick; the spiders by Hentz; the worms 
by Lee ; the coelenterates and echinoderms by Say, Man- 
tell and others. 

The history of entomology in the United States pre- 
vious to 1846 is given by John G. Morris in this Journal 
(1, 17, 1846). In this article F. V. Melsheimer is stated 
to be the father of American Entomology, while Say was 
the most prolific writer. Say's entomological papers, 
edited by J. L. Le Conte, were completely reprinted with 
their colored illustrations in 1859. The first economic 
treatise is that by Harris on Insects injurious to Vege- 
tation, printed in 1841. This has had many editions. 
The Entomological Society of Pennsylvania was formed 
m 1842. 

The establishment of this Journal gave a further impe- 
tus to the scientific activities of Americans in furnishing 
a convenient means for publishing the results of their 
work. In the first volume of the Journal, for example, 
are two zoological articles by Say and a dozen short 
articles on various topics by Rafinesque, the latter being 
curious combinations of facts and fancy. Most of the 
zoological papers appearing in its first series of 50 vol- 
umes are characteristic of an undeveloped science in an 
undeveloped country. They deal, naturally, with obser- 
vational studies on the structure and classification of 
species discovered in a virgin field, with notes on habits 
and life histories. 

Many of the papers are purely systematic and include 
the first descriptions of numerous species of our mol- 
lusks, Crustacea, insects, vertebrates and other groups. 
Of these, the writings of C. B. Adams, Barnes, A. A. 
Gould and Totten on mollusks, of J. D. Dana on corals 
and Crustacea, of Harris on insects, of Harlan on reptiles, 
and of Jeffries Wyman and D. Humphreys Storer on 
fishes are representative and important. 

The progress of zoology in America during the first 
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twenty-eight years of the Journal *s existence, that is, up 
to the year 1846, is thus summarized by Professor SiUi- 
man in the preface to vol. 50 (page ix), 1847 : 

**Our zoology has been more fully investigated than our 
mineralogy and botany; but neither*iiepartment is in danger 
of being exhausted. The interesting travels of Lewis and Clark 
have recently brought to our knowledge several plants and 
animals before unknown. Foreign naturalists are frequently 
visiting our territory ; and, for the most part, convey to Europe 
the fruits of their researches, while but a small part of our 
own is examined and described by Americjms: certainly this 
is little to our credit and still less to our advantage. Honorable 
exceptions to the truth of this remark are furnished by the 
exertions of some gentlemen in our principal cities, and in 
various other parts of the Union." 

During these 28 years the Journal had been of great 
service to zoology not only in the publication of the 
results of investigations but also in the review of import- 
ant zoological publications in Europe as well as in 
America. There were also the reports of meetings of 
scientific societies. In fact all matters of zoological 
interest were brought to the attention of the Journal's 
readers. 

The Influence of Louis Agassiz. 

At the time of the founding of this Journal and for 
nearly thirty years thereafter descriptive natural his- 
tory constituted practically the entire work of American 
zoologists. In this respect American science was far 
behind that in Europe and particularly in France. It 
was not until the fortunate circumstances which brought 
the Swiss naturalist, Louis Agassiz, to our country in 
1846 that the modern conceptions of biological science 
were established in America. 

Agassiz was then 39 years of age and had already 
absorbed the spirit of generalization in comparative 
anatomy which dominated the work of the great leaders 
in Europe, and particularly in Paris. The influence of 
Leuckart, Tiedemann, Braun, Cuvier and Von Humboldt 
directed Agassiz 's great ability to similar investigations, 
and he was rapidly coming into prominence in the study 
of modem and fossil fishes when the opportunity to con- 
tinue his research in America was presented. On arriv- 
ing on our shores the young zoologist was so inspired 
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with the opportunities for his studies in the new country 
that he decided to remain. 

Bringing with him the broad conceptions of his dis- 
tinguished European masters, he naturally founded a 
similar school of zoology in America. It is from this 
beginning that the present science of zoology with its 
many branches has developed. 

It must be remembered in this connection that the great 
service which Agassiz rendered to American zoology con- 
sisted mainly in making available to students in -Ajnerica 
the ideals and methods of European zoologists. This he 
was eminently fitted to do both because of his European 
training and because of his natural ability as an inspir- 
ing leader. 

The times in America, moreover, were fully ripe for 
the advent of European culture. There were already in 
existence natural history societies in many of our cities 
and college communities. These societies not only held 
meetings for the discussion of biological topics, but 
established museums open to the public, and to which the 
public was invited to contribute both funds and speci- 
mens. This led to a wide popular interest in natural his- 
tory. It was therefore comparatively easy for such a 
man as Agassiz to develop this favorable public attitude 
into wide popular enthusiasm. 

The American Journal of Science announces the 
expected visit of Agassiz as a most promising event for 
American Zoology (1, 451, 1846) : *'His devotion, ability, 
and zeal — ^his high and deserved reputation and ... his 
amiable and conciliating character, will, without doubt, 
secure for him the cordial cooperation of our naturalists 
. . . nor do we entertain a doubt that we shall be liberally 
repaid by his able review and exploration of our 
country.'' We of to-day can realize how abundantly this 
prophecy was fulfilled. 

In the succeeding volume (2, 440, 1846) occurs the 
record of Agassiz 's arrival. '*We learn with pleasure 
that he will spend several years among us, in order 
thoroughly to understand our natural history." 

Immediately on reaching Boston, Agassiz began the 
publication of articles on our fauna, and the following 
year he was appointed to a professorship at Harvard. 
The Journal says (4, 449, 1847) : ** Every scientific man in 
America will be rejoiced to hear so unexpected a piece of 
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good news/^ The nezt year the Journal (6, 139, 1848) 
records Agassiz's lecture courses at New York and 
Charleston, his popularity with all classes of the people 
and the gift of a silver case containing $250 in half eagles 
from the students of the College of Physicians and 
Surgeons. 

The service of Agassiz to American zoology, therefore, 
consisted not only in the publication of the results of his 
researches and his philosophical considerations there- 
from, but also, and perhaps in even greater degree, in the 
popularization of science. In the latter direction were 
his inspiring lectures before popular audiences and the 
early publication of a zoological text-book. This book, 
published in 1848, was entitled ''Principles of Zoology, 
touching the Structure, Development, Distribution and 
Natural arrangement of the races of Animals, living and 
extinct, with numerous illustrations.'' It was written 
with the cooperation of Augustus A. Gould. The review 
of this book in the Journal (6, 151, 1848) indicates clearly 
the broad modem principles underlying the new era 
which was beginning for American zoology. 

**A work emanating from so high a source as the Principles 
of Zoology, hardly requires commendation to give it currency. 
The public have become acquainted with the eminent abilities 
of Prof. Agassiz through his lectures, and are aware of his 
vast learning, wide readi of mind, and popular mode of illus- 
trating scientific subjects . . . The volume is prepared for 
the student in zoological science; it is simple and elementary 
in style, full in its illustrations, comprehensive in its range, yet 
well considered and brought into the narrow compass requisite 
for the purpose intended." 

The titles of its chapters will show how little it differs 
in general subject matter from the most recent text-book 
in biology. Chapter I, The Sphere and fundamental 
principles of Zoology; II, General Properties of Organ- 
ized Bodies ; III, Organs and Functions of Animal Life ; 
IV, Of Intelligence and Instinct; V, Of Motion (appa- 
ratus and modes) ; VI, Of Nutrition; VH, Of the Blood 
and Circulation ; VIII, Of Respiration ; IX, Of the Secre- 
tions; X, Embryology (Egg and its Development); 
XI, Peculiar Modes of Reproduction ; XII, Meta- 
morphoses of Animals ; XIII, Geographical Distribution 
of Animals ; XIV, Geological Succession of Animals, or 
their Distribution in Time. 
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A moment ^s consideration of the fact that all these 
topics are excellently treated will show how great had 
been the progress of zoology in the first half of the 19th 
century. The sixty years that have elapsed since the 
publication of this book have served principally to 
develop these separate lines of biology into special fields 
of science without reorganization of the essential princi- 
ples here recognized. This remained for many years 
the standard zoological and physiological text-book, and 
was republished in several editions here and in England, 
Another popular book is entitled ** Methods of Study in 
Natural History" (1864). 

More than 400 books and papers were written by 
Agassiz, over a third of which were published before he 
came to America- They cover both zoological and 
geological topics, including systematic papers on living 
and fossil groups of animals, but most important of all 
are his philosophical essays on the general principles of 
biology. 

One of Agassiz ^s greatest services to zoology was the 
publication of his ^^Bibliographia ZoologisB et Geologiae" 
by the Bay Society, beginning with 1848. The publica- 
tion of the Lowell lectures in Comparative Embryology 
in 1849 gave wide audience to the general principles now 
recognized in the biogenetic law of ancestral remin- 
iscence. As stated in the Journal (8, 157, 1849), the 
''object of the Lectures is to demonstrate that a natural 
method of classifying . the animal kingdom may be 
attained by a comparison of the changes which are passed 
through by different animals in the course of their devel- 
opment from the egg to the perfect state; the change 
they undergo being considered as a scale to appreciate 
the relative position of the species.'* These ''principles 
of classification** are fully elucidated in a separate pam- 
phlet, and are discussed at length in the Journal (11, 
122, 1851). 

One of the most interesting of Agassiz *s numerous 
philosophical essays, originally contributed to the Jour- 
nal (9, 369, 1850), discusses the "Natural Relations 
between Animals and the elements in which they live.*' 
Another philosophical paper contributed to the Journal 
discusses the "Primitive diversity and number of Ani- 
mals in Geological times** (17, 30*9, 1854). Of this sys- 
tematic papers, those on the fishes of the Tennessee river, 
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describing many new species, were published in the Jour- 
nal (17, 297, 353, 1854). 

Agassiz's beautifully illustrated ''Contributions to the 
Natural History of the United States'^ cover many sub- 
jects in morphology and embryology, which are treated 
with such thoroughness and breadth of view as to give 
them a place among the zoological classics. The Essay 
on Classification, the North American Testudinata, the 
Embryology of the turtle, and the Acalephs are the 
special topics. These are summarized and discussed at 
length in the Journal (25, 126, 202, 321, 342, 1858; 30, 
142,1860; 31,295,1861). 

The volume on the ''Journey in Brazil*' (1868) in joint 
authorship with Mrs. Agassiz is a fascinating narrative 
of exploration. 

The conceptions which Agassiz held as to the most 
essential aim of zoological study are well illustrated 
in his autobiographical sketch, where he writes :^ 

'*! did not then know how much more important it is to the 
naturalist to understand the structure of a few animals, than 
to command the whole field of scientific nomenclature. Since I 
have become a teacher, and have watched the progress of stu- 
dents, I have seen that they all begin in the same way; but 
how many have grown old in the pursuit, without ever rising 
to any higher conception of the study of nature, spending their 
life in the determination of species, and in extending scientific 
terminology I" 

It is not surprising, then, that under' such influence the 
older systematic studies should be replaced in large 
measure by those of a morphological and embryological 
nature. 

The personal influence of Agassiz is still felt in the 
lives of even the younger zoologists of the present day. 
For the investigators of the present generation are for 
the most part indebted to one or another of Agassiz 's 
pupils for their guidance in zoological studies. These 
pupils include his son Alexander Agassiz, Allen, Brooks, 
Clarke, Fewkes, Goode, Hyatt, Jordan, Lyman, Morse, 
Packard, Scudder, Verrill, Wilder, and others — ^leaders 
in zoological work during the last third of the nineteenth 
century. Through such men as these the inspiration of 

'Louis Agassiz: his Life and Correspondence, bj Elizabeth Garej 
Agassiz, p. 145, 1885. 
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Agassiz has been handed on in turn to their pupils and 
from them to the younger generation of zoologists. 

The essential difference between the work of Agassiz 
and that of the American zoologists who preceded him 
was in his power of broad generalizations. To him the 
organism meant a living witness of some great natural 
law, in th(B interpretation of which zoology was engaged. 
The organism in its structure, in its development, in its 
habits furnished links in the chain of evidence which, 
when completed, would reveal the meaning of nature. Of 
all Agassiz 's pupils, probably William K. Brooks most 
fittingly perpetuated his master's ideals. 

Period op Morphology and Embryology. 1847-1870. 

The new aspect of zoology which came as a result of 
the influence of Agassiz characterized the zoological work 
of the fifties and sixties, that is, until the significance 
of the natural selection theory of Darwin and Wallace 
became generally appreciated. 

The work in these years and well into the seventies was 
largely influenced by the morphological, embryological 
and systematic studies of Louis Agassiz and his school. 
The structure, development, and homologies of animals 
as indicating their relationship and position in the 
scheme of classification was prominent in the work of 
this period. The adaptations of animals to their envi- 
ronment and the application of the biogenetic law to the 
various groups of animals were also favorite subjects 
of study. 

The most successful investigators in this period on the 
different groups of animals include: — Louis Agassiz on 
the natural history and embryology of coelenterates and 
turtles; A. Agassiz, embryology of echinoderms and 
worms; H. J. Clark, embryology of turtles and syste- 
matic papers on sponges and coelenterates; E. Desor, 
echinoderms and embryology of worms; C. Girard, 
embryology, worms, and reptiles; J. Leidy, protozoa, 
coelenterates, worms, anatomy of moUusks ; W. 0. Ayres 
and T. Lyman, natural history of echinoderms ; McCrady 
development of acalephs ; W. Stimpson, marine inverte- 
brates ; A. E. Verrill, coelenterates, echinoderms, worms ; 
A. Hyatt, evolutionary theories, bryozoa and mollusks; 
Pourtales, deep sea fauna ; C. B. Adams, A. and W. G. 
Binney, Brooks, Carpenter, Conrad^ DaU, Jay, Lea, 
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S. Smith, Tryon, mollusks; E. S. Morse, brachiopods, 
mollusks ; J. I). Dana, coelenterates and Crustacea; Kirt- 
land, Loew, Edwards, Hagen, Melsheimer, Packard, 
Biley, Scudder, W^sh, insects; Gill, Holbrook, Storer, 
fishes; Cope, evolutionary theories, fishes and amphibia; 
Baird, reptiles and birds-; J. A. Allen, amphibia, reptiles 
and birds; Brewer, Cassin, Coues, Lawrence, birds; 
Audubon, Bachman, Baird, Cope, Wilder, mammals. 

The progress of ornithology in the United States pre- 
vious to 1876 is well described in a paper by J. A. Allen in 
the American Naturalist (10, 536, 1876). A sketdi of the 
early history of conchology is given by A. W. Tryon in 
the Journal (33, 13, 1862). 

JeJBfries Wyman was the most prominent comparative 
anatomist of this period. His work includes classic 
papers on the anatomy and embryology of fishes, 
amphibia, and reptiles. 

The fifty volumes of the second series of this Journal, 
including the years 1846 to 1870, cover approximately 
this period of morphology and embryology. During this 
period the Joum^d occupied a very important place in 
zoological circles, for J. D. Dana was for most of this 
period the editor-in-chief, while Louis Agassiz and Asa 
Gray were connected with it as associate editors. More- 
over, in 1864 one of the most promising of Agassiz 's 
pupils, Addison E. Verrill, was called to Yale as pro- 
fessor of zoology and was made an associate editor 
in 1869. 

In the Journal, therefore, may be found, in its original 
articles, together with its reports of meetings and 
addresses and its reviews of literature, a fairly complete 
account of the zoological activity of the period. The 
most important zoological researches, both in Europe 
and America, were reviewed in the bibliographic notices. 

The most important series of zoological articles are by 
Dana himself. As his work on the zoophytes and Crus- 
tacea of the U. S. Exploring Expedition continued, he 
published from time to time general summaries of his 
conclusions regarding the relationships of the various 
groups. Included among these papers are philosophical 
essays on general biological principles which must have 
had much influence on the biological studies of the time, 
and which form a basis for many of our present concepts. 

The importance of these papers warrants the list being 
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given in full. The titles are here in many cases abbre- 
viated and the subjects consolidated. 

General views on Classification, 1, 286, 1846. 

Zoophytes, 2, 64, 187, 1846; 3, 1, 160, 337, 1847. 

Genus Astraea, 9, 295, 1850. 

Conspectus crustaceorum, 8, 276, 424, 1849 ; 9, 129, 1850 ; 11, 
268, 1851. 

Genera of Gammaracea, 8, 135, 1849; of Cyelopacea, 1, 225, 
1846. 

Markings of Carapax of Crabs, 11, 95, 1851. 

Classification of Crustacea, 11, 223, 425; 12, 121, 238, 1851; 
13, 119; 14, 297, 1852; 22, 14, 1856. 

Geographical distribution of Crustacea, 18, 314, 1854 ; 19, 6 ; 
20, 168, 349, 1855. 

Alternation of Generations in Plants and Radiata, 10, 341, 
1850. 

Parthenogenesis, 24, 399, 1857. 

On Species, 24, 305, 1857. 

aassification of Mammals, 36, 65, 1863 ; 37, 157, 1864. 

Cephalization, 22, 14, 1856; 36, 1, 321, 440, 1863; 37, 10, 157, 
184, 1864; 41, 163, 1866; 12, 245, 1876. 

Homologies of insectean and crustacean types, 36, 233, 1863 ; 
47, 325, 1894. 

Origin of life, 41, 389, 1866. 

Relations of death to life in nature, 34, 316, 1862. 

Of the above, the articles on cephalization as a funda- 
mental principle in the development of the system of 
animal life have attracted much attention. The evidence 
from comparative anatomy, paleontology, and embry- 
ology alike supports the view that advance in the 
ontogenetic as well as in the phylogenetic stages is cor- 
related with the unequal growth of the cephalic region as 
compared with the rest of the body. Dana shows that 
this principle holds good for all groups of animals. His 
homologies of the limbs of arthropods and vertebrates, 
however, do not accord with more modem views. 

Other papers on the same and allied topics were pub- 
lished by Dana in other periodicals. His most conspicu- 
ous zoological works, however, are his reports on the 
Zoophytes and Crustacea of the United States Explor- 
mg Expedition, 1837-1842. The former consists of 741 
quarto pages and 61 folio plates, describing over 200 new 
species, while the Crustacea report, in two volumes, has 
1620 pages and 96 folio plates, with descriptions of about 
500 new species. Each of these remains to-day as the 
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most important contribution to the classification of the 
respective groups. The relationships of the species, 
genera and families were recognized with such remark- 
able judgment that Dana's admirable system of classifi- 
cation has remained the basis for all subsequent work. 

Dana's critical reviews (25, 202, 321, 1858) of Agassiz's 
*^ Contribution to the Natural History of the United 
States" are among the most interesting of his philosoph- 
ical discussions concerning the relationships of animals 
as revealed by their structure, their embryology, and 
their geological history. 

The remaining zoological articles in this series cover 
nearly the whole range of systematic zoology. Espe- 
cially important are the articles by Verrill on coelenter- 
ates, echinoderms, worms and other invertebrates. 

In the years following the publication of Darwin's 
Origin of Species in 1859 occur many articles on the 
theory of natural selection. Some of the writers attach 
the theory, while others give it more or less enthusiastic 
support. 

Experimental methods in solving biological problems 
were little used at this time, although a few articles of 
this nature appear in the Journal. Of these, a paper by 
W. C. Minor (35, 35, 1863) on natural and artificijd 
fission in some annelids has considerable interest to-day. 

Of the important zoological expeditions the following 
may be selected as showing their influence on American 
Zoology: 

The North Pacific Expedition, with William Stimpson 
as zoologist, returned in 1856 with much new information 
concerning the marine life of the coasts of Alaska and 
Japan and many new species of invertebrates. 

In 1867-1869 the United States Coast Survey extended 
its explorations to include the deep-sea marine life off 
the southeastern coasts and Gulf of Mexico under the 
leadership of Pourtales and Agassiz. 

The Challenger explorations (1872-1876) added greatly 
to the knowledge of marine life off the American coast 
as well as in other parts of the world. 

The explorations of the United States Fish Commis- 
sion succeeded those of the Coast Survey in the collection 
of marine life off our coasts and in our fresh waters. 
These have continued since 1872 and have yielded most 
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important results from both the scientific and economic 
standpoints. 

Under the charge of Alexander Agassiz the Coast Sur- 
vey Steamer ''Blake,'' in 1877 to 1880, was engaged in 
dredging operations in three cruises to various parts of 
the Atlantic. The XJ. S. Fish Commission Steamer 
''Albatross,'' also in charge of Agassiz, made three expe- 
ditions in the tropical and other parts of the Pacific in the 
years from 1891 to 1905. The study of these collections 
has added greatly to our knowledge of systematic zoology 
and geographical distribution. The reports on some of 
the groups are still in course of preparation. 

Period op Evolution. 

The time from 1870 to 1890 may be appropriately called 
the period of evolution, for although it commences eleven 
years after the publication of the Origin of Species, the 
importance of the natural selection theory was but slowly 
receiving general recognition. The hesitation in accept- 
ing this theory was due in no small degree to the opposi- 
tion of Louis Agassiz. After the acceptance of evolution, 
although morphological and embryological studies con- 
tinued as before, they were prosecuted with reference to 
their bearing on evolutionary problems. 

Following closely the methods which had produced so 
niuch progress during the life of Agassiz, the field of 
zoology was now occupied by a new generation, among 
whom the pupils of Agassiz were the most prominent. 

The teaching of biology at this time was also strongly 
influenced by Huxley, whose methods of conducting laV 
oratory classes for elementary students were adopted in 
most of our large schools and colleges. This placed 
biology on the same plane with chemistry as a means for 
training in laboratory methods and discipline, with the 
added advantage that the subject of biology is much more 
intimately connected with the student's everyday life and 
affairs. 

This increasing demand for instruction in biology and 
the consequent necessity for more teachers brought an 
increasing number of investigators into this field. New 
zoological text-books were also required. The "Stand- 
ard Natural History," published in 1885, remains the 
most comprehensive general work on animals. 
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Conspicuous in this period was the work of E. D. Cope, 
best known as a paleontologist, but whose work on the 
classification of the various groups of vertebrates stands 
preeminent, and whose philosophical essays on evolution 
had much influence on the evolutionary thought of the 
time. He was a staunch supporter of the L^marckian 
doctrine. Alpheus Hyatt also maintained this theory, 
and brought together a great accumulation of facts in its 
support. He thereby contributed largely to our knowl- 
edge of comparative anatomy and embryology. A. S. 
Packard, whose publications cover a wide range of 
topics, was best known for his text-books of zoology and 
his manuals on insects. 

W. K. Brooks was a leading morphologist and embry- 
ologist. S. F. Baird, for many years the head of the 
United States Fish Commission, was the foremost 
authority on fish and fisheries and is also noted for his 
work on reptiles, birds and mammals. The man of 
greatest influence, although by no means the greatest 
investigator, was C. 0. Wliitman. It is to him that we 
owe the inception of the Marine Biological Laboratory, 
the most potent influence in American zoology to-day; 
the organization of the American Morphological Society, 
the forerunner of the present American Society of Zoolo- 
gists; and the establishment of the Journal of Morph- 
ology. G. B. Goode was distinguished for his work on 
fishes and for his writings on the history of science. 

E. L. Mark, C. S. Minot, and Alexander Agassiz were 
acknowledged leaders in their special fields of research — 
Mark in invertebrate morphology and embryology, and 
Minot in vertebrate embryology, while Alexander Agassiz 
made many important discoveries in the systematic 
zoology and embryology of marine animals, and to him 
we owe in large measure our knowledge of the life in the 
oceans of nearly all parts of the world. 

The knowledge of the representatives of the different 
divisions of the American fauna had now become suffi- 
cient to allow the publication of monographs on the vari- 
ous classes, orders and families. At this time also par- 
ticular attention was given to the marine invertebrates 
of all ^oups. 

Of the many investigators working on the various 
groups of animals at this time onlv a few mav be men- 
tioned. The protozoa were studied by Leidy, Clark, 
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Ryder, Stokes ; the sponges by Clark, Hyatt ; the coelen- 
terates by A. Agassiz, S. F. Clarke, Verrill ; the echino- 
derms by A. Agassiz, Brooks, Kingsley, Fewkes, Lyman, 
Verrill; the various groups of worms by Benedict, 
Eisen, Silliman, Verrill, Webster, Whitman; the mol- 
lusks by A. and W. G. Binney, Tryon, Conrad, Dall, San- 
derson Smith, Stearns, Verrill ; the Brachiopods by Dall 
and Morse; the Bryozoa by Hyatt; the Crustacea by 
S. I. Smith, Harger, Hagen, Packard, Kingsley, Faxon, 
Herriek; the insects by Packard, Horn, Scudder, C. H. 
Femald, Williston, Norton, Walsh, Fitch, J. B. Smith, 
Comstock, Howard, Biley and many others; spiders by 
Emertoh, Marx, McCook ; tunicates by Packard and Ver- 
rill; fishes by Baird, Bean, Cope, Gilbert, Gill, Goode, 
Jordan, Putnam; amphibians and reptiles by Cope; 
birds by Baird, Brewer, Coues, Elliott, Henshaw, Allen, 
Jilerriam, Brewster, Ridgway; and the mammals by 
Men, Baird, Cope, Coues, Elliott, Merriam, Wilder. 

Interest in the evolutionary theory continued to 
increase and eventually developed into the morpholog- 
ical and embryological studies which reached their cul- 
mination between 1885 and 1890 under the guidance 
of Whitman, Mark, Minot, Brooks, Kingsley, E. B. Wilson 
and other famous zoologists of the time. In these years 
the Journal of Morphology was established and the 
American Morphological Society was formed. 

The morphological, embryological and paleontological 
evidences of evolution as indicated by homologies, devel- 
opmental stages and adaptations were the most absorb- 
ing subjects of zoological research and discussion. 

The third series of the Journal (1870-1895), likewise 
including fifty volumes, embraces this period of zoologi- 
cal activity in morphological and embryological studies, 
culminating with the inception of the modem experimen- 
tal methods. 

In this period also occurred the greatest progress in 
marine systematic zoology, due to the explorations of the 
United States Fish Commission off the Atlantic Coast. 
The Journal had an important share in the zoological 
development of this period also, for A. E. Verrill, who 
was now an associate editor, was in charge of the collec- 
tions of marine invertebrates. Consequently most of the 
discoveries in this field were published in the Journal in 
numerous original contributions by Verrill and his asso- 
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ciates. The explorations of the U. S. Fish Commission 
Steamer ^^ Albatross*' are described from year to year by 
Verrill, with descriptions of the new species of inverte- 
brates discovered. 

The numerous original contributions by Verrill on 
subjects of general zoological interest as well as on those 
of a systematic nature give this third series of the Jour- 
nal much zoological importance. VerrilPs papers cover 
almost the whole field of descriptive zoology, but are 
mainly devoted to marine invertebrates. Those which 
were originally contributed to the Journal or summarized 
by him in his literature reviews include the following 
topics : 

Sponges, 16, 406, 1878. 

Coelenterates, 37, 450, 1864; 44, 125, 1867; 46, 411, 186, 46, 
143, 1868; 47, 282, 1869; 48, 116, 419, 1869; 49, 370, 1870; 3, 
187, 432, 1872; 6, 68, 1873; 21, 508, 1881; 6, 493, 1898; 7, 41, 
143, 205, 375, 1899; 13, 75, 1902. 

Echmoderms, 44, 125, 1867; 46, 417, 1868; 49, 93, 101, 1870; 
2, 430, 1871; 11, 416, 1876; 49, 127, 199, 1895; 28, 59, 1909; 
36, 477, 1913; 37, 483, 1914; 38, 107, 1914; 39, 684, 1915. 

Worms, 60, 223, 1870; 3, 126, 1872. 

MoUusks, 49, 217, 1870; 60, 405, 1870; 3, 209, 281, 1872; 6, 
465, 1873; 7, 136, 158, 1874; 9, 123, 177, 1875; 10, 213, 1875; 
12, 236, 1876; 14, 425, 1877; 19, 284, 1880; 20, 250, 251, 1880; 
2, 74, 91, 1896; 3, 51, 79, 162, 355, 1897. 

Crustacea, 44, 126, 1867; 48, 244, 430, 1869; 26, 119, 534, 
1908 

Ascidians, 1, 54, 93, 211, 288, 443. 1871; 20, 251, 1880. 

Dredging operations and marine fauna, AH, 129, 1870 ; 2, 357, 
1871 ; 6, 1, 98, 1873 ; 6, 435, 1873 ; 7, 38, 131, 405, 409, 498, 
608, 1874; 9, 411, 1875; 10, 36, 196, 1875; 16, 207, 371, 1878; 
17, 239, 258, 309, 472, 1879; 18, 52, 468, 1879; 19, 137, 187, 20, 
390, 1880; 22, 292, 1881; 23, 135, 216, 309, 406, 1882; 24, 360, 
477, 1882; 28, 213, 378, 1884; 29, 149, 1885. 

MisceUaneous, 39, 221, 1865; 41, 249, 268. 1866; 44, 126, 
1867; 48, 92, 1869; 3, 386, 1872; 7, 134, 1847; 10, 364, 1875; 
16, 323, 1878; 20, 251, 1880; 3, 132, 135, 1897; 9, 313. 1900; 
12, 88, 1901; 13, 327, 1902; 14, 72, 1902; 16, 332, 1903; 24, 
179,1907; 29,561,1910. 

S. I. Smith describes the metamorphosis of the Crus- 
tacea (3, 401, 1872; 6, 67, 1873) species of Crustacea (3, 
373, 1872 ; 7, 601, 1874 ; 9, 476, 1875), and dredging opera- 
tions in Lake Superior (2, 373, 448, 1871). In this series 
occurs also a series of papers on comparative anatomy 
and embryology from the Chesapeake Zoological Labora- 
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tory in charge of W. K. Brooks. In the 39th and 40th 
volumes of the third series (1890) occur several papers 
on evolutionary topics by John T. Gulick (39, 21 ; 40, 1, 
437) which have attracted much attention. 

Before the end of this period, however, this Journal 
was relieved from the necessity of publishing zoologi- 
cal articles by the establishment of several periodicals 
devoted especially to the various fields of zoology. "We 
find, therefore, but few exclusively zoological papers 
after 1885, although articles of a general biological inter- 
est and the reviews of zoological books continue. 

In the fourth series of the Journal, beginning in 1896, 
occur also a number of articles on systematic zoology by 
Verrill and others and several papers having a general 
biological interest. Brief reviews of a small number of 
zoological books are still continued, but at the present day 
the Journal, which played so important a part in the 
early development of American zoology, has been given 
over to the geological and physical sciences in harmony 
mth the modern demand for specialization. 

Period op Experimental Biology. 

Zoological studies remained in large measure observa- 
tional and comparative until about 1890 when the experi- 
mental methods of Roux, Driesch and others came into 
prominence. Interest then turned from the accumulation 
of facts to an analysis of the underlying principles of 
biological phenomena. The question now was not so 
much what the organism does as how it does what is 
observed, and this question could be answered only by 
the experimental control of the conditions. These exper- 
imental studies met with such* remarkable success that in 
a few years the older morphological studies were largely 
abandoned, the Morphological Society changed its name 
to the Society of Zoologists, and in 1904 the Journal of 
Experimental Zoology was established. The experimen- 
tal methods were applied to all branches of biological 
science, and while it must be freely admitted that little 
progress has been made toward an understanding of the 
ultimate causes which underlie biological phenomena, a 
great advance has been made in the elucidation of the 
general principles involved. 

Experimental embryology, histology, regeneration, 
comparative physiology, neurology, cytology, and hered- 
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ity have in recent years successfully adopted an experi- 
mental aspect and have made significant progress 
thereby. Biology has now taken its place beside chem- 
istry and physics as an experimental science.' 

The latest great advance in biology has been in the field 
of heredity. The rediscovery of the Mendelian principles 
of heredity in 1900 brought to light the most important 
generalization in biology in recent times. The new 
science of genetics is essentially the experimental study 
of heredity. 

We are at the moment in the midst of an eflFort to 
establish in biology a few relatively simple laws by using 
for the purpose the vast accumulations of observational 
data gathered in past years, supplemented by such exper- 
imental data as have been provided by these more recent 
investigations. Such hypotheses as have been formu- 
lated are for the most part only tentatively held, for their 
validity is generally incapable of a critical test. But 
wherever such tests have been possible, the laws of math- 
ematics, physics and chemistry are found applicable to 
biological phenomena. 

The number of investigators has now become so great 
and their activities so prolific that the list and synopses 
of the zoological publications each year cover upwards 
of 1000 to 1500 pages in the International Catalogue of 
Scientific Literature. 

American Leadership. — During the first half of the 
century the progress of zoology in America remained dis- 
tinctly behind that of Europe. At the beginning of the 
century the science was f artiiest developed by the French 
and English, although Linnaeus was a Swede and took his 
degree in Holland. Under.the influence of Von Baer and 
his monumental treatise on embryology (Ueber Entwick- 
lungsgeschichte der Thiere, 1828), and supported later 
by the great physiologist, Johannes Miiller, whose ''Phy- 
siolojerie des Menschen'* (1846) forms the basis of modem 
physiology, the German school forged rapidly ahead and 
eventually assumed the leadership in zoology, as in sev- 
eral other branches of science. 

In the latter half of the century the influence of the 
German universities dominated in a large measure the 
zoological investigations in America. The reason for 
this is partly due to the fact that many of our young 
zoologists, after finishing their college course, corn- 
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pleted their preparation for research by a year or more 
at a German university. The more mature zoologists, 
too, looked forward with keen anticipation to spending 
their summer vacations and sabbaticad years in research 
in a German laboratory or at the famous Naples station 
in which the German inifluence was dominant. 

With the rise of experimental biology since 1890, how- 
ever, the American zoologists have shown so high a degree 
of originality in devising experiments, so much skill in 
performing them, and such keenness in analyzing the 
results, that they have assumed the world leadership in 
several of the special fields into which the science of 
zoology is now divided. 

BioLOGidAL Periodicals. 

Perhaps in no better way can the progress of biology in 
America be illustrated than by a brief survey of the 
origin and development of the more important biological 
journals. For it will be seen that these publications have 
become more numerous and more specialized as the sci- 
ence has advanced in specialization. 

The early publications — ^which as is well known, treated 
mainly of the birds, mammals and other vertebrates, and 
of insects, Crustacea and shells — consisted mainly of sep- 
arate books or pamphlets, published by private subscrip- 
tion. After the establishment of the so-called Academies 
of Science, or of Arts and Sciences, toward the end of 
the 18th and in the first quarter of the 19th century, the 
reports of the meetings began to be published as period- 
ical Journals, supported by the academies. In these 
publications, and in this Journal which was founded at 
the same time, appear papers on all branches of science, 
including zoology. As soon as zoology in America 
assumed its modem aspects through the influence of 
Louis Agassiz and his followers the earliest strictly 
zoological journals were established. 

It should be noted, however, that the journals of the 
scientific and natural history societies were more or less 
fully devoted to zoological topics according to the nature 
of the activities of the members and correspondents. 
After the establishment of the Museum of Comparative 
Zoology by Louis Agassiz came the founding in 1863 of its 
Bulletin and later its Memoirs. These publications have 
continued to the present day as a standard of excellence 
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for the reports of zoological investigations. In con- 
nection with the systematic work on moUusks, the Amer- 
ican Journal of Conchology was established in 1865. 
The American Naturalist was founded in 1867 by four of 
Louis Agassiz's pupils, Hyatt, Morse, Packard and Put- 
nam. It was later edited by Cope as a leading periodical 
for the publication of biological papers, particularly 
those relating to evolution, and is at present devoted to 
evolutionary topics. It is now in the 52nd volume of its 
new series. 

With the awakened interest in comparative anatomy 
and embryology came the need for an American journal 
which should supply a means of publication for the 
reports of researches accomplished by the increasing 
number of workers in these fields. This need was fully 
met by the establishment of the Journal of Morphology 
in 1887. This publication, now in its 30th volume, has 
equalled the best European journals in the character of 
its papers. A few years later (1891) came the Journal 
of Comparative Neurology for the publication of investi- 
gations relating to the morphology and physiology of the 
nervous system and to nervous and allied phenomena in 
all groups of organisms. Twenty-eight volumes of this 
journal have been completed. The Zoological Bulletin 
was started under the auspices of the Marine Biological 
Laboratory in 1897 for the publication of papers of a less 
extensive nature and which could be more promptly 
issued than those in the Journal of Morphology where 
elaborate plates were required. After two years the 
scope of the Bulletin was enlarged to include botanical 
and physiological subjects. The name was correspond- 
ingly changed to the Biological Bulletin. Of this import- 
ant periodical 33 volumes have been issued. 

For the publication of papers on human and compara- 
tive anatomy and embryology, the American Journal of 
Anatomy was established in 1901, and is now in its 
twenty-third volume. 

Meanwhile the trend of zoological interest was toward 
topics connected with the ultimate nature of biological 
phenomena. The meaning of these phenomena could be 
determined only by the experimental method. Researches 
in this field became more prominent and the adequate 
publication of the numerous papers required the estab- 
lishment of a new journal in 1904. This was named the 
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Journal of Experimental Zoology. It inunediately took 
its place in the front rank of American zoological period- 
icals. Twenty-four volumes have been published. 

In spite of the constantly increasing number of 
journals, the science grew faster than the means of pub- 
lication. So crowded did the American journals become 
that long delays often resulted before the results of an 
investigation could be issued. This condition was met in 
part by the sending of many papers to be published in 
European journals (a necessity most discreditable to 
American zoology) and in part by the establishment 
ef additional means of publication. Of the latter the 
Anatomical Eecord, now in its fourteenth volume, was 
begun in 1906 for the prompt publication of briefer 
papers on vertebrate anatomy, embryology and histology 
and for preliminary reports and notes on technique. 

During the past few years has come a great advance in 
the experimental breeding of plants and animals. Prob- 
lems in heredity and evolution have taken on a new 
interest since the importance and validity of MendePs 
discovery have been recognized. To meet this develop- 
ment of biology the journal Genetics was begun in 1916 
for the publication of technical papers, while the Journal 
of Heredity, modified from the American Breeders Maga- 
zine, is devoted to popular articles on animal and plant 
breeding, and Eugenics. 

On the whole, the science of zoology is now assuming 
a closer relation to practical affairs. Entomology, for 
example, is now represented by the Journal of Economic 
Entomology, of which 10 volumes have been issued since 
1907. The Journal of Animal Behavior covers another 
practical field of research. The Proceedings of the Soci- 
ety for Experimental Biology and Medicine, starting in 
1903, the American Journal of Physiology, and several 
other publications cover the physiological field. Among 
other important periodicals are the following: 

The Journal of Parasitology, established 1914, now in its 
fourth volume, is devoted to the interests of medical zoology. 
The Auk, now in the 34th volume of its new series (42d of 
old series) is the oflBcial organ of the American Ornithologists 
Union and is devoted to the dissemination of knowledge concern- 
ing bird life. The Annals of the Entomological Society of 
America, established in 1908, and now in its 10th volume, is one 
of several important entomological journals. The Nautilus, of 
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which 28 Yolumes have been issued, is one of the more successful 
journals devoted to conchology. 

In addition to these are the many volumes of syste- 
matic papers in the Proceedings of the United States 
National Museum, the practical reports in the Bulletin of 
the United States Fish Commission, the vast literature 
issued yearly by the various divisions of the United 
States Department of Agriculture, Public Health Service 
and other Governmental departments, while the list of 
publications by scientific societies, museums, and other 
institutes is constantly increasing and covers all fields of 
biological research. 

At the present time facilities for the publication of 
research on any branch of zoology are as a rule entirely 
adequate. For this highly satisfactory conation the 
science is indebted to the support given five of its most 
important journals by the Wistar Institute of Anatomy 
and Biology. 

Biological Associations. 

An important light on the history of biology in Amer- 
ica can be thrown by a glance at the rise and development 
of societies or associations for the report and discussion 
of papers relating to that branch of science. In the first 
half of the 19th century natural history societies were 
formed in most cities and centers of leaminjg. These 
were very important factors in the promotion of scientific 
research as well as in the diffusion of popular knowledge 
of living things. The aims and activities of twenty-nine 
such scientific societies, many of which were devoted 
especially to natural history, are described in one of the 
early volumes of the Journal (10, 369, 1826). The Con- 
necticut Academy of Arts and Sciences, dating from 1799, 
and the Philadelphia Academy of Natural Sciences from 
1812 are among the oldest of those which still exist. 

Of national institutions the American Philosophical 
Society was founded in 1743, the American Academy of 
Arts and Sciences in 1780, and the National Academy of 
Sciences in 1863. 

The American Association for the Advancement of 
Science, with its thousands of members, now has separate 
sections for each of the special branches of science. This 



Digitized by 



Google 



Coe — A Century of Zoology in America. 383 

society, organized in 1850, is said to have been the suc- 
cessor of the Association of American Geologists and 
Naturalists. This was itself a revival of the American 
Geological Society which first met at Yale in 1819. Its 
meetings have given a great support to the scientific work 
of the country. , 

In 1890, toward the end of the period in which morpho- 
logical studies were being emphasized, the professional 
zoologists of the eastern states founded the American 
Morphological Society. This association held annual 
meetings during the Christmas holidays for the presenta- 
tion of zoological papers. This name became less appro- 
priate after a few years because of the gradual decrease ' 
in the proportion of morphological investigations owing 
to the greater attention being directed to problems in 
experimental zoology and physiology. Consequently the 
name was changed to the American Society of Zoologists. 
To be eligible for membership in this society a person 
must be an active investigator in some branch of zoology, 
as indicated by the published results. 

The American Society of Naturalists was founded in 
1883. The original plan of the society was for the dis- 
cussion of methods of investigation, administration and 
instruction in the natural sciences, but its program is 
now entirely devoted to discussions and papers of a broad 
biological interest. It also arranges for an annual din- 
ner of the several biological societies and an address 
on some general biological topic. 

The American Association of Anatomists includes in 
its membership investigators and teachers in compara- 
tive anatomy, embryology, and histology as well as in 
human anatomy. Many professional zoologists and 
experimental biologists present their papers before this 
society. 

These national societies have been of great service in 
fostering a high standard of zoological research. A still 
more important service, though generally less conspicu- 
ous, is rendered by the journal clubs in connection with 
all the larger zoological laboratories, and by local scien- 
tific societies which are now maintained in all the larger 
centers of learning throughout the country. Thpre are 
also specific societies for some of the different fields of 
biological work. 
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Biological Stations. 

No insignificant factor in the development of biological 
science has been the establishment of biological stations 
where investigators, teachers and students meet in the 
Summer vacation for special studies, discussions and 
research. The most successful of these laboratories have 
been located on the seashore and here the study of marine 
life in Summer supplements the work of the school or uni- 
versity biological courses. The famous Naples Station 
was founded in 1870, and was shortly after followed by 
several others. Similar biological stations are now sup- 
. ported on almost every coast in Europe and in several 
inland localities. 

The first such American school was established by 
Louis Agassiz at the island of Penikeese on the coast of 
Massachusetts in 1873, succeeding his private laboratory 
at Nahant. During that Summer more than forty stu- 
dents gained enthusiasm for the work of future years. 
Unfortunately the laboratory so auspiciously started was 
of brief duration, for the death of Agassiz occurred in 
December of the same year, and the laboratory was dis- 
continued at the end of the following Summer. Shortly 
afterward Alexander Agassiz equipped a small private 
laboratory at Newport, Rhode Island, and W. K. Brooks 
established the Chesapeake Bay Zoological Laboratory. 

At this time the United States Fish Commission was 
engaged under the direction of Spencer F. Baird in a 
survey of the marine life of the waters off the Eastern 
Coast. Between 1881 and 1886 the Commission estab- 
lished the splendidly equipped biological station at 
Woods Hole, Massachusetts. Both here and at the Fish 
Commission Laboratory at Beaufort, North Carolina, 
much work in general zoology as well as in economic prob- 
lems is accomplished. These laboratories are designed 
particularly for specialists engaged in researches con- 
nected with the work of the Fish Commission. 

A need was soon felt for a marine laboratory along 
broader lines, and one available to the students and 
teachers of the schools and colleges. To meet these 
requirements the Woods Hole Marine Biological Labora- 
tory was started in 1887, as the successor to an earlier 
laboratory at Annisquam, and has since become a great 
Summer congress for biologists from all parts of the 
country. It is safe to say that no other institution has 
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been of equal service in securing for biology the high 
plane it now occupies in American science. The leading 
spirit in the establishment of this laboratory and its 
director for many years was Charles 0. Whitman. 

Successful marine laboratories are located also at Cold 
Spring Harbor, Long Island ; at Harpswell, Maine ; and 
at Bermuda. The Carnegie Institution maintains a lab- 
oratory at Tortugas Island, Florida, for the investigation 
of tropical marine life. 

On the Pacific Coast marine laboratories are located 
at Pacific Grove and at La Jolla, California, and at Fri- 
day Harbor, Washington. Several other biological lab- 
oratories are open each Summer on our coasts, as well as 
a number of fresh-water laboratories on the interior 
lakes. There are also several mountain laboratories. 
The influence of these laboratories on American biology 
is immeasurable. 

Natural Histoby Museums. 

Museums of Natural History or *' Cabinets of Natural 
Curios'' as they were sometimes called, were established 
in the first half of the 19th century in connection with the 
various natural history societies. These were of much 
service in stimulating the collection of zoological *^ speci- 
mens" and in arousing a popular interest in natural 
history. 

The zoological museum of earlier days consisted of 
rows on rows of systematically arranged specimens, each 
carefully labelled with scientific name, locality, date of 
collection and donor — ^much like the pages of a catalogue. 
All this has now been changed ; the bottles of specimens 
have been relegated to the storeroom, and the great 
plate glass cases of the modem museum represent indi- 
vidual studies in the various fields of modem zoological 
research, or individual chapters in the latest biological 
text-books. Often the talent of the artist and the skill 
of the taxidermist are cunningly combined to produce 
most realistic bits of nature. 

The United States National Museum, the American 
Museum of Natural History, the Field Columbian Museum 
and the Museum of Comparative Zoology are among the 
finest museums of the world, while many of the states, 
cities, and universities maintain public museums as a 
part of their educational systems. 

Am. Joub. Sci.— Fourth Series, Vol. XLVI, No. 271.— July, 1918. 
13 
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Systematic Zoology and Taxonomy. 

The work in systematic zoology is now mainly carried 
on by specialists in relatively small groups of animals. 
This is necessitated both by the increasingly large num- 
ber of species known to science and by the completeness 
and exactness with which species must now be defined. 
The majority of systematic workers are now connected 
with museums where the large collections furnish mate- 
rial for comparative studies. 

Prominent in this field is the United States National 
Museum, the publications of which are mainly taxonomic 
and zoogeographic, and cover every group of organism. 
The adequacy of this great museum for such studies may 
be illustrated by the collection of mammals. This 
museum has the types of 1135 of the 2138 forms (includ- 
ing species and subspecies) of North American mammals 
recognized in Miller's list,* and less than 200 forms lack 
representatives among the 120,000 specimens of mam- 
mals. Systematic monographs of several of the orders 
of mammals have been published. 

Systematic study of the birds has brought the number 
of species and subspecies known to inhabit North and 
Middle America to above 3000. The most comprehen- 
sive systematic treatise is the still, incomplete report of 
Ridgeway*^ of which seven large volumes have already 
been issued. 

On the reptiles, the most complete monograph is that 
by Cope^ entitled ^*The Crocodilians, Lizards and Snakes 
of North America.** 

The Amphibia have also been studied by Cope, whose 
report on the Batrachia of North America^ is the stand- 
ard taxonomic work. 

The most comprehensive systematic work on fishes is 
the Descriptive Catalogue of the Fishes of North and 
Middle America by Jordan and Evermann.® 

The invertebrate groups have been in part similarly 
monographed by the members of the TJ. S. National 
Museum staff and others, and further studies are in prog- 

^List of North American Land Mammals in the United States National 
Museum, 1911. Bull. 79, U. S. Nat Mus., 1912. 

• Birds of North and Middle America, Bull. 50, parts I-VTI, U. S. Nat. 
Mus., 1901-1916. 

• Report U. S. Nat. Mus. for 1898, pp. 153-1270, 1900. 
»BulL 34, U. S. Nat. Mus., 1889. 

•Bull. 47, parts I-IV, U. S. Nat Mus., 1896-1900. 
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ress. Other taxonomic monographs published by this 
museum include the various groups of animals from 
many different parts of the world. 

A number of the larger State, municipal, and university 
museums publish bulletins on special groups represented 
in their collections as well as articles of general zoological 
interest. 

Expeditions, subsidized by museum and private funds, 
are from time to time sent to various parts of the world 
and their results are often published in sumptuous 
manner. 

The total number of living species of animals is 
unknown, but considering that about a quarter of a mil- 
lion new species have been described during the past 
thirty years, it is probable that several million species are 
in existence to-day. More than half a million have been 
described. These are probably but a small fraction of 
the number that have existed in past geological ages. 

Thus, in spite of all the work that has been done in sys- 
tematic zoology and as the number of known species con- 
tinues to increase, there still remain many groups of 
animals, some of which are by no means rare or minute, 
in which probably only a small proportion of the species 
are as yet capable of identification. 

It is only since the publication of Ward and Whipple's 
'* Fresh-water Biology '^ within the past year that the 
amateur zoologist could hope to find even the names of 
all the organisms to be found in a single pool of water. 

During the past few years there has been a tendency on 
the part of some of our biologists engaged in experimen- . 
tal work to disparage the studies of the systematists. It 
must be granted, however, that both lines of work are 
essential to the sound development of zoological science, 
for experimental investigations in which the accurate 
diagnosis of species is ignored always result in confusion. 

Ecology. — The marvelous modifications in structure 
and instincts by which the various animals are adapted 
to their surroundings now forms a special topic in biolog- 
ical research and one of the most fascinating. The adap- 
tations in habitat, time, behavior, appearance and even 
in structure are found capable of a certain individual 
modification when studied experimentally. 

Zoogeography. — Closely associated with systematic 
zoology, and indeed a part of the subject in its broader 
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sense, is the study of the geographical distribution of 
animal species and larger groups. 

Paleontology. — The geologicfid succession of organisms 
embraces a field where zoologist and geologist meet. 
Most of the studies in this subject, however, have been 
made by geologists. 

Biometry. 

Since Darwin ^s theory of evolution postulated the 
origin of new species by means of natural selection, it 
was obviously necessary in order to apply a critical test 
to determine the precise limits of a species. It was, 
therefore, proposed to subject a given species to a strict 
examination by the application of statistical methods to 
determine the range of variation of its members and the 
extent to which the species intergrades with others. 
Other problems, particularly those concerning heredity, 
were treated in similar manner. This branch of biolog- 
ical science was particularly developed by the English 
School, led by Sir Francis Galton, followed by Karl 
Pearson and William Bateson. 

In America the methods of biometry have been utilized 
extensively by Charles B. Davenport, Raymond Pearl, H. 
S. Jennings and others in the solution of problems in 
genetics and evolution. Their work shows the great 
value of critical statistical analysis in the interpretation 
of biological data. A thorough training in mathematics 
is now found to be hardly less important for the biologist 
than is a knowledge of physics and chemistry, for the 
science of biometry has become one of the most important 
adjuncts to the study of genetics. 

Comparative Anatomy and Embryology. 

Comparative Anatomy. — ^Upon the foundations laid 
down by Cuvier a century ago the present elaborate 
structure of comparative anatomy of animals, both verte- 
brate and invertebrate, has been developed. Vast as is 
the present accumulation of facts and theories many 
important problems still await their solution. Jeffries 
Wyman was long a leader in this field, where many 
workers are now engaged. 

Embryology. — The embryological studies, so bril- 
liantly begun by Von Baer early in the nineteenth cen- 
tury, are still in progress. They have now been entended 
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to the groups more difficult of investigation and into the 
earliest stages of fertilization and implantation in the 
mammals. Artificial cultural methods have yielded 
important results. Louis and Alexander Agassiz, Mark, 
Minot, Brooks, Whitman, Conklin and E. B. Wilson have 
taken prominent parts in this work. 

In the early nineties embryological studies were 
directed to the arrangement of cells in the dividing eggj 
and there was much discussion of **cell lineage*' in 
development. Valuable as were these studies they threw 
comparatively little light on the general problems of 
evolution. 

Experimental Embryology, — A more fertile field, 
developed at the same period and a little later, was found 
in experimental embryology. The discoveries made by 
Driesch and others in shalong apart the cells of the divid- 
ing egg or by destroying one or more of these cells gave 
a new insight into the potency of cells for compensatory 
and regenerative processes. These studies attracted 
many able investigators, who made still further advance 
by subjecting the germ cells, developing eggs, embryos, 
and developing organs to a great variety of artificial con- 
ditions. 

Artificial Parthenogenesis. — ^Another question concerns 
the nature of the process of fertilization and the agencies 
which cause the fertilized egg to develop into an embryo. 
Jn 1899 Jacques Loeb succeeded in causiiig development 
in unfertilized sea-urchin eggs by subjecting them to con- 
centrated sea water for a period and then returning them 
to their normal environment. To this promising field of 
experimental work came many of the foremost biologists 
both in America and Europe. It was soon found that 
the eggs of most groups of animals except the higher 
vertebrates could be made to develop into more or less 
perfect embryos and larval forms by treatment with a 
great variety of chemical substances, by increased tem- 
perature, by mechanical stimuli and by other means. 
This artificial parthenogenesis, as it is called, has also 
been successful in plants {Fucus)j and recently Loeb has 
reared several frogs to sexual maturity by merely 
puncturing with a sharp needle the eggs from which they 
were derived. Loeb, then, maintains that *'the egg is the 
future embryo and animal; and that the spermatozoon. 
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aside from its activating effect, only transmits Mendelian 
characters to the egg.'*^ 

Further experimental analyses of the nature of the fer- 
tilization mechanism have recently been made by Mor- 
gan, Conklin, F. R. Lillie, and others. 

Germinal Localization. — The question as to whether the 
ef;g contains localized organ-forming substances has been 
studied experimentally particularly by means of the cen- 
trifuge. The results indicate that neither of the older 
opposing theories of ^'performation*' or **epigenesis" is 
applicable to all eggs, but that in certain organisms the 
eggs possess a well-marked differentiation while in 
others each part of the egg is essentially, although prob- 
ably not absolutely, equipotential. 

the Germplasm Cycle. — Since Weismann's postula- 
tion of the independence of soma and germplasm in 1885 
many attempts have been made to trace the path of the 
hereditary substance from one generation to the next 
A recent book by Hegner^^ sunmaarizes the success 
attained in various groups of animals. 

CTTOLOGfY. 

Another important field of investigation which has 
attracted many workers is that which pertains to the life 
of the cell — the science of cytology. Although the cell- 
theory was established as early as 1839, little advance 
was made in this subject in America before 1880. Since 
that time, however, Americans have been so successful in 
cytological discoveries that they are now among the 
world's leaders in this field. 

These studies have been followed along both descrip- 
tive and experimental lines. The most prominent of the 
early workers in this field are E. L. Mark and E. B. Wil- 
son. Mark's description of the maturation, fecundation, 
and segmentation of the egg is the most accurate and 
complete of the early cytological studies. Wilson's 
discoveries concerning the details of fertilization and 
his ** Atlas of Fertilization and Karyokinesis," pub- 
lished in 1895, have now become classic. Wilson, too, 
has published the only American text-book on cytology," 
and has more recently taken the lead in studies concem- 

• J. Loeb, The Organism as a Whole, p. 126, 1916. 
** The Germ-cell Cycle in Animals, 1914. 
" The Cell in Development and Inheritance, 1896 ; second edition, 1900. 
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ing the relation between the chromosomes and sex. 
Besides Wilson, Montgomery, Mark, McClung, Morgan, 
Miss Stevens, ConMin and their associates and students 
have now furnished conclusive evidence that the sex of 
an organism is determined by, or associated with, the 
nuclear constitution of the fertilized egg. This consti- 
tution is moreover shown to be dependent upon the chro- 
mosomes received from the germ cells. 

This explanation is in strict accordance with the results 
of experimental breeding. It is also quite in harmony 
with the Mendelian law of inheritance, and in fact forms 
one of the strongest supports for the view that all Men- 
delian factors are resident in the chromosomes. Recent 
work has also discovered the' mechanism which governs 
the complicated conditions of sex which occur in those 
animald which exhibit alternating sexual and partheno- 
genetic generations. These remarkable processes are in 
all cases found to depend upon a definite distribution of 
the chromosomes. 

Other recent experimental work has shown that while 
the sex is thus normally determined in the fertilized eggj 
it is in some animals not irrevocably fixed, and the normal 
effect of the sex chromosomes may be inhibited by 
abnormal conditions in the developing embryo, as is 
demonstrated by the recent work of Lillie and others. 

The cytological basis for Mendelian inheritance has 
been very extensively studied by Morgan and his pupils 
in connection with their work on inheritance in the com- 
mon fruit fly Drosophila. The evidence supports Weis- 
mann's earlier hypothesis that the chromosomes are the 
bearers of the heritable factors, and that these are 
arranged in a series in the different chromosomes. This 
theory is shown to be in such strict accord with both the 
cytological studies and the results of experimental breed- 
ing that Morgan has ventured to indicate definite points 
in particular chromosomes as the loci of definite heri- 
table factors, or genes. 

Confirmation of this view is furnished by the behavior 
of the so-called sex-linked characters, the genes for which 
are situated in the same chromosome as that which 
carries the sex factor. Many ingenious breeding experi- 
ments indicate further that all the hereditary characters 
in Drosophila are borne in four great linkage groups 
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corresponding with the four pairs of chromosomes which 
the cells of this fly possess. 

Comparative Physiology. 

None of the experimental fields has been of greater 
importance in zoological progress than that which con- 
cerns the functions of the various organs. Without this 
companion science morphology and comparative anatomy 
would have become unintelligible. American investiga- 
tors, among whom G. H. Parker stands prominent, have 
taken a leading part in this field also. 
. Neurology. — The physiological analysis of the com- 
ponents of the nervous system, both in vertebrates and 
invertebrates, is another important branch of experimen- 
tal biology. The 28 volumes of the Journal of Compara- 
tive Neurology attest the large influence that American 
investigators have had in the development of this science. 

Regeneration.— Experimental studies on the powers . 
of regeneration in plants and animals have been made 
from the earliest times. During the past few years, how- 
ever, there has been made a concerted attempt to: analyze 
the factors which determine the amount and rate of 
regeneration. Much progress has been made toward the 
postulation of definite laws applicable to the regenerative 
processes of the parts of each organisuL The critical 
analyses of Child have been particularly stimulating. 

Tissue Culture. — ^Another line of experimental work 
which has been developed within the past few years by 
Harrison, Carrell, and others is the culture of body 
tissues in artificial media. These experiments have 
included the cultivation in tubes or on glass slides of the 
various tissues of numerous species of animals. They 
have yielded much information regarding the structure, 
growth and multiplication of cells, the formation of tis- 
sues, and the healing of wounds. 

Transplantation and Grafting. — Closely associated 
experiments consist in the transplantation of organs or 
other portions of the body to abnormal positions, to the 
bodies of other animals of the same species or of other 
species. In this way much has been learned about the 
potentiality of organs for self -differentiation, for regula- 
tion, for regeneration and for compensatory adaptations. 
The experiments have shown, further, the independence 
of soma and germplasm and have revealed the nature of 
certain organs whose functions were previously obscure. 
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Tropisms and Instincts. — ^Another field of experimen- 
tal biology concerns the analysis of behavior of organ- 
isms in response to various forms of stimuli These 
studies are being prosecuted on all groups of organisms, 
including the larval stages of many animals, and are 
yielding most remarkable results. The success in this 
field of research is largely due to stimulating influence of 
Jacques Loeb, Parker, Jennings, and their co-workers. 

Biological Chemistry. — Still another experimental field 
which has developed into one of the most important of 
the biological sciences relates to the fundamental chem- 
ical and physical changes which underlie all organic phe- 
nomena. A knowledge of both physiological and physi- 
cal chemistry is to-day essential for all advanced 
biological work. The peculiar nature of life itself, of 
growth, disease, old-age, degeneration, death and dissolu- 
tion are presumably only manifestations of chemical and 
physical laws. The ultimate goal of all experimental 
biology, therefore, will be reached only when the basic 
physico-chemical properties of life are understood. At 
that time only will the perennial controversy between 
vitalism and mechanism be ended. 

Economic Zoology. 

A moment's reflection will show that economic 
biology is the most essential of all sciences to the human 
welfare and progress. For man's relation to his envi- 
ronment is such that the penalty for ignorance or neg- 
lect of the biological principles involved in the struggle 
for existence quickly overwhelms him with a horde of 
parasites or other enemies. 

It is only by the intelligent application of biological 
knowledge that our food supplies, our forests, our domes- 
ticated animals and our bodies can be protected from the 
ever ravenous organisms which surround us. 

The losses to food supplies and other products by 
insects alone amounts to 100 millions of dollars a month 
in the United States. And the parasites cause losses in 
sickness and premature deaths each year of many mil- 
lions more. Then there are the destructive rodents and 
other animals which add largely to our burdens of sup- 
port. These enemies next to wars and fungi are the most 
destructive agencies on earth. Could they but be elim- 
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inated man's struggle against opposing forces would be 
in large measure overcome. The results of recent work 
in economic zoology, both in regard to tiie destruction of 
enemies and protection of useful mammals, birds and 
fishes, furnish a bright outlook for the future. 

Protozoology. — ^Partly as an experimented field for the 
solution of general biological problems and partly 
because of its practical applications the study of protozoa 
has now developed into a special science. 

The results of the investigations of Calkins, Woodruflf, 
Jennings and others have greatly supplemented our 
understanding of the signification of such important 
biological phenomena as reproduction, sexual differen- 
tiation, conjugation, tropisms, and metabolism. 

From an economic standpoint the protozoa have 
recently been shown to be of the greatest importance 
because of the human and animal diseases for which tiiey 
are responsible. 

Parasitology. — The animal parasites of man, domesti- 
cated animals and plants include numerous species of 
protozoa, worms, and insects. Together with the bac- 
teria and a few higher fungi they cause all communicable 
diseases. When we consider that not only our health 
but also our entire food supply is dependent upon the 
elimination of these organisms we must admit that para- 
sitology is the most important economically of aU the 
sciences. 

The reports of the investigations of Stiles and his 
associates in the Hygienic Laboratory and of Ransom 
and his staff in the Bureau of Animal Industry are widely 
distributed by the federal government. The systematic 
studies so ably begun by Joseph Leidy in the middle of 
the last century have been continued by Ward, Linton, 
Pratt, Curtis and others on the parasites of many groups 
of animals. 

Economic Entomology. — ^Another extremely important 
biological science, the practical applications of which are 
second only to those of parasitology in importance, is 
entomology. In the last few years economic entomology 
has exceeded any of the other branches of biology in the 
number of its investigators. The American Association 
of Economic Entomologists has a membership of about 
five hundred. The work of most of these is supported by 
appropriations from the State and federal governments. 
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and the results of their investigations are widely 
published. 

It is now well known that some of the protozoon par- 
asites are conveyed from man to man only through 
the bites of insects. The local eradication of several 
of our most fatal diseases has recently been brought 
about by the application of measures to destroy such 
insects. This is the greatest triumph of economic 
zoology. 

Economic Ornithology and Mammalogy. — In addition 
to the local bird clubs and the American Ornithologists 
Union for the study and preservation of bird and mam- 
mal life, the Bureau of Biological Survey has for some 
years conducted investigations on the economic import- 
ance of the various species. The publications of this 
Bureau are of great value both in determining the 
economic status of our birds and mammals, and also in 
recommending means for the protection of the beneficial 
species and the destruction of the injurious. Several of 
the States issue similar publications. 

Economic Ichthyology. — The TJ. S. Fish Conunission 
has for many years been actively engaged in investiga- 
tions on the food fishes, including methods for increasing 
the food supply by suitable protection and artificial 
propagation. The work includes also edible and other- 
wise useful mollusks and Crustacea. Their marine and 
fresh- water laboratories have also been of great service 
to general biological science. 

Genetics. 

One of the most interesting chapters in biology relates 
to the development of the modern science of heredity, 
or genetics. 

Previous to the year 1900, when the Mendelian princi- 
ple of inheritance was re-discovered, the relative import- 
ance of heredity and of environment in the development 
of an organism was little understood. It is true that 
Weismann had insisted on the independence of soma and 
germplasm some years earlier (1883), but the body of 
the individual was still generally considered the key to 
its inheritance. 

The recognition of the general application of MendePs 
discovery gave a great impetus to experimental breeding 
both in plants and animals. While heretofore it had been 
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necessary to depend upon the somatic characters as evi- 
dence of the hereditary constitution of an individual, it 
now became possible, knowing the hereditary constitution 
of the parents of any pair of individuals, to predict with 
almost mathematicfd certainty the characters of their 
possible offspring. 

In general, the laws of possible chance combinations of 
any group of characters determine the probability of any 
particular offspring possessing one or many of those 
characters. The physical basis for such Mendelian 
inheritance is evidently the chance combinations of 
chromosomes which result from the processes of matura- 
tion and union of the germ cells. 

Certain limitations to the law are met with because 
the relatively small number of chromosomes involves 
linkage of genes, because of the occasional interchange of 
groups of genes between homologous chromosomes, and 
because the relative activity or potency of any partic- 
ular gene may differ in different races, and, finally, 
because the normal activity of any given gene may be 
modified or inhibited by the action of other genes. It is 
by no means certaio, however, that all inJheritance is 
Mendelian, for there still remains much evidence that the 
hereditary basis of certain characters may be resident in 
the cytoplasm, rather than in the chromosomes. A 
recent book by Morgan, Sturtevant, Miiller and Bridges 
(1915), entitled **the mechanism of Mendelian heredity" 
gives the cytological explanation of Mendelian inher- 
itance. 

Americans have from the first taken a leading part in 
this field of research and have been quick to recognize its 
practical applications to the improvement of breeds in 
both animals and plants. This prominent position is 
largely due to the experimental work of Castle, Daven- 
port, Morgan, Jennings, Pearl, and their co-workers on 
animals and that of East, Emerson, Davis, Hayes and 
ShuU on plants. 

The geneticist now realizes that the appearance of the 
body (phenotype) gives but little clue to the inheritance 
(genotype). That two white flowers produce only pur- 
ple offspring, or two white fowls only deeply colored 
chickens, or that a pair of guinea pigs, one of which is 
black and the other white, have only gray agouti off- 
spring, while other apparently similar white flowers or 
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white animals produce offspring like themselves, is now 
readily comprehensible and mathematically predictable. 

The most important application of our newly acquired 
knowledge of inheritance is in the improvement of the 
human race. The wonderful opportunity in this direc- 
tion must be apparent to all. The welfare of humanity 
depends upon the immediate adoption of eugenic princi- 
ples. The Eugenics Record Ofl5ce has secured many of 
the essential data. 

With the destruction of the world's best germ plasm 
at a rate never equalled before, the outlook for the future 
race would be appalling were it not for the hope that with 
the advent of a righteous peace will come a realization of 
the necessity of applying these new biological discoveries 
to improving the races of men. That the discoveries 
have been made too late in the world's history to be of 
such use to humanity must not be thought possible. 

Evolution. 

Previous to the publication of Darwin's Origin of Spe- 
cies in 1859, American zoologists were generally inclined 
toward special creation, in spite of the evidences for 
evolution which had been presented by Erasmus Darwin, 
Lamarck, and Geoffroy St. Hilaire. Indeed this attitude 
of mind continued for some years after the publication of 
the natural selection theory of Darwin and Wallace. 
This was in part due to the powerful influence of Louis 
Agassiz who bitterly opposed the Darwinian theory. As 
late as 1876, J. D. Dana only half-heartedly accepted it 
as indicated in his last essay on ^'Cephalization a funda- 
mental principle in the development of animal life" (12, 
245-251,1876). He says: 

**The method by repeated creations through communicationB 
of Divine power to nature should be subordiaated, as much as 
any other, to molecular law and all laws of growth ; for molecu- 
lar law is the profoundest expression of the Divine will, the very 
essence of nature ; and no department of nature is without its 
appointed law of development. But the present state of science 
favors the view of 'progress through the derivation of species 
from species, with few occasions for Divine intervention. For 
the development of Man, gifted with hi^ reason and will, and 
thus made a power above Nature, there was required, as Wallace 
has urged, the special art of a Being above Nature, whose su- 
jjreme will is not only the source of natural law, but the working 
force of Nature herself,' and this I still hold.'' He further 
explains that cephalization ''is not at all at variance with 
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Darwinism. " In his later years he gave the theory his complete, 
though reluctant, acceptance. 

A modified Lamarckian doctrine was widely accepted 
in the last quarter of the century, due largely to the 
influence of Cope, Hyatt and Packard. The inheritance 
of ** acquired characters'' demanded by this theory seems 
incompatible with the discoveries of recent times, so that 
*Hoday the theory has few followers amongst trained 
investigators, but it still has a popular vogue that is wide- 
spread and vociferous. ''^^ 

The origin of new varieties and species by accidental 
modifications of the germplasm is now the most widely 
accepted theory of evolution. 

Some of the most important discoveries regarding the 
origin of new forms have been recently made by Morgan 
and his pupils. From a stock of the common fruit fly 
{DrosophUa ampelophUa) more than 125 new types have 
arisen within six years. Each of these types breeds true. 
**Each has arisen independently and suddenly. Every 
part of the body has been affected by one or another of 
these mutations.'' To arrange these mutations arbi- 
trarily into graded series would give the impression of an 
evolutionary series, but this is directly contrary to the 
known facts concerning their origin, for each mutation 
** originated independently from tihe wild type." ** Evo- 
lution has taken place by the incorporation into the race 
of those mutations that are beneficial to the life and 
reproduction of the individual." This evolutionary 
process is usually accompanied by the elimination of 
those forms which have remained stable or which have 
developed adverse mutations. 

A question that is being vigorously debated at this 
time concerns the possible effects of selection on the 
hereditary factors. Are the genes fixed both qualita- 
tively and quantitatively or does a given gene vary in 
potency under different conditions and in different indi- 
viduals? Jn the former case selection can only separate 
the existing genes into separate pure strains. But if the 
gene be quantitatively variable, then selection will result 
in the establishment of new types. 

Castle has long stoutly maintained the effect of such 
selection, and his forces have recently been augmented bv 
Jennings. The experimental work now in process will 
doubtless yield a decisive answer. 

"Morgan, T. H. A critique of the theory of evolution, p. 32, 1916. 
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The mechanism of the movement of epithelium, embryonic as 
well as adult, has been discussed by various observers, but still 
further investigation is needed by the use of the tissue-culture 
method, where direct observation is possible. 

The experimental work reported in the present paper is con- 
cerned with a study of the movement of corneal epithelium, and 
especially with its behavior with reference to certain mechanical 
supports. 

545 
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Several papers have already appeared which deal with the 
movement of epithelium of various kinds in vitro (Ruth, '11, 
Champy, '14, Loeb, '02, Osowski, '14, and others). The observa- 
tion of frog skin in vitro has been described by Holmes ('14) and 
Uhlenhuth ('14) recently in detail. Previous to this, Harrison 
('10) Carrel and Burrows ('11), Lambert and Hanes ('13), and 
others mentioned it briefly in their papers on tissue cultm-e. 
Among the works which deal with the cultiu'e of the corneal 
epithelium, that of Oppel ('12), who made use of the cornea of 
certain warm-blooded animals in his investigations, demands 
special attention. Harde ('16) made brief mention of an active 
lateral spreading of the corneal epithelium in the culture of vac- 
cinia with corneal tissue. However, the materials which were 
used by Oppel and Harde are evidently not very suitable for 
direct observation. For this purpose cornea of more simple 
structure is desirable. It must be added that a number of investi- 
gations on the problem of the wound healing of the cornea have 
been made, such as those of Peters ('85), Salzer ('11), Lowenstein 
('13), and others, which must, of course, be taken into considera- 
tion. 

I. BEHAVIOR OF EPITHELIUM CULTIVATED IN VITRO 

The cornea of the adult frog (especially R. pipiens) was used. 
After thoroughly washing its whole surface with sterilized 
Ringer's solution by means of a pipette, the entire cornea was cut 
out with a razor and put into Ringer's solution (or serum), after 
which it was divided into small pieces with very sharp scissors 
so that the fragments showed sharp edges. Pieces cut radially 
were preferred. 

The cultures were all made by the hanging-drop method 
(Harrison, '10), the technique of which need not be detailed here. 
The piece of cornea was taken from the Ringer's solution and 
dropped on the surface of the cover-glass; excess solution was re- 
moved and a drop of plasma (or serum) run over the fragment; 
autoplasma was used in most of the cultures. The cover-glass 
was then inverted upon a thin glass ring and sealed on with 
vaselin (Harrison, '14). 
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Though all precautions were taken to keep the cultures free 
from bacteria, it was sometimes necessary to throw away a 
whole series as a result of infection. This was due obviously to 
the difficulty of perfect sterilization of the tissue. 

In the aggregate, more than 1800 cultures were made, and in 
nearly all of the experiments two kinds of culture medium (plasma 
and serum) were used. The following descriptions are the results 
of the study of about 1500 cultures which were free from faulty 
technique. 




Fig. 1. Diagram showing various types of movement of corneal epithelium 
cultivated in plasma, g, cover-glass; c, tissue of cornea cultivated; ep, corneal 
epithelium; ed, endothelial surface; m, culture medium; <, cut end of the piece of 
cornea. Cell movement into the plasma (3/), along the endothelial surface 
(E), on the epithelial surface {E')^ along the cover-glass ((?), and along the lower 
surface of plasma {S). 

1. Description of the types of epithelial movement in plasma 

(fig- 1) 

The cornea of the frog was very suitable for this purpose. 
For the observance of the intimate cell structure and a closer 
study of the mechanism of cell movement, high powers could be 
used. It was, of course, necessary to supplement the study of 
the Uving tissue by fixed and stained preparations of whole cul- 
tures and by serial sections. The observation of the living 
cultures was limited to the first week. 
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a. Movement in the medium. When a culture of cornea, freshly- 
prepared in vitro, was examined under the microscope, the edges 
of the piece were seen to be sharply defined. One or two hours 
later the epitheUum on the cut ends gave the impression of be- 
coming a Uttle translucent and swollen, a narrow clear rim ap- 
pearing along the edges. Here and there, around the edges of 
the fragment, isolated roimd epitheUal cells were to be seen, 
singly or in groups, having been detached by mechanical injury 
during the operation. 

There was a short latent period before any movement was 
noticed, the first cellular activity appearing between the third and 
tenth hours. Accordingly, examination after twelve to twenty- 
four hours showed an active outgrowth of epitheUal cells present- 
ing amoeboid processes. As a rule, the corneal epithelium showeji 
characteristic sheet-like extension during the period of active 
movement; the advancing edge was always furnished with an 
amoeboid border of hyaline ectoplasma, as has been described by 
Harrison ('10), Carrel and Burrows Cll), Lambert and Hanes 
('13) and Holmes ('14). Some of the epitheUum exhibited marked 
motility, recalling the movements of amoeba, so that an exact 
camera-lucida drawing could not be made; pseudopodia were 
formed, and through their activity the cells changed shape or 
moved from place to place. Some of the ceUs which showed 
filiform processes were over 0.2 mm. in length. 

The strong tendency of the cells to lateral spreading brought 
about the formation of a continuous membrane, extending nearly 
horizontally, usually slanting upward a Uttle toward the end. 
The spreading membrane also changed its direction of move- 
ment, showing contraction under various circumstances. Growth 
in strands was also observed. The growing epithelium, usually 
two cells in thickness, sometimes covered an area a Uttle larger 
than the original corneal piece, whereby the cells became flattened 
and the intercellular spaces grew wider. 

There was apparently Uttle growth after the third (sometimes 
the fourth) day. The tissue itself then gave the impression of 
being less compact and more translucent than formerly. The 
epithelial cells showed a tendency to round ofif. The rupture 
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of strands or sheets of cells into isolated masses was of frequent 
occurrence. The number of round cells increased rapidly from 
day to day, and generally fat droplets grew in number and size 
with the age of the culture, until the cells were often literally 
packed with them. No marked increase of mitotic figures was 
seen. 

The activity of cell movement into the plasma depends on the 
consistency of the latter. Around the explanted tissue, Uque- 
faction and retraction of the plasma were often observed which 
caused changes of the arrangement of cells. 
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Fig. 2 Vertical section of corneal tissue cultivated in plasma. P^xperiment 
XXXVIII, 5, showing the epithelial movement {E) along the endothelial surface 
{ed). Age of the culture, four days. Drawn from one of the serial sections. 
iy cut ends; ep, epithelial, erf, endothelial surface; c, part of connective tissue of 
cornea. X 98. 

6. Movement on tissue. The next important type of the epi- 
theUal movement is that on the corneal tissue. By virtue of 
this, the growing epitheUum spreads over the edges of the frag- 
ment and along the endothelial surface. Figure 2 shows an ex- 
ample of this very clearly. A movement of this type occurred 
in some cases on all edges of a fragment and in others only on a 
part of it, combined with other types. It was also observed that 
part of the cut end of the epitheUum might remain almost inac- 
tive, while in the other part marked activity occurred. 

c. Other types of movement. Whenever the growing epitheUal 
cells came into contact with the cover-glass, they moved actively 
over it. The character of cell movement, however, was essen- 
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tially the same as on the endothelial surface. The advancing 
edge of the growth was composed of a very delicate sheet of 
protoplasm, showing amoeboid movement, with nmnerous 
branching hyaline pseudopodia. When the deUcate membrane 
spread out to an extreme degree, it resulted in the breaking up of 
the sheet into isolated masses. 

In a small percentage of the cultures the spreading of cells over 
the outer epitheUal surface of the cornea (fig. 1, E') as well as 
along the lower surface of the culture medium (fig. 1, S) was 
noted. 

The elements of the connective tissue showed neither active 
growth nor movement. The study of the lymphocytes found in 
the corneal tissue needs special investigation. 

2. Movement of the epithelium cultivated in serum 

Generally, the cornea cultivated in serum showed some details 
of cell movement, different from those noted in plasma cultures. 
No amoeboid migration of the cells into the medium took place. 
During the first and second hours, the cells of the edges became 
clear and roimd, sometimes even swollen in appearance; they soon 
started to move. 

The most striking and constant phenomenon noted in the use 
of serum was the spreading out of epithelium over the tissue 
itself, especially on the endotheUal surface. The epitheUal rim 
extended usually parallel with the cut edges, showing amoeboid 
movement on the advancing border. The rapidity of spreading 
out of cells was sometimes quite remarkable. In a small per- 
centage of the cultures, movement of cells was also observed on 
the original outer epithelial surface of the cornea. 

If single cells or a part of the rim were in contact with the cover- 
glass, they clung to it and spread over the surface of the glass with 
marked activity. The boundaries of individual cells were often 
hard to distinguish under the microscope. When such prepara- 
tions are properly impregnated with silver nitrate (Lewis and 
Lewis, '12) the intercellular spaces can be clearly demonstrated 
(fig. 3). When the delicate membrane had extended to the 
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utmost degree, the cells along the periphery became loose and 
isolated. 

The appended tables give some examples of the frequency of 
various types of epithehal movement in plasma (table 1) and in 
serum (table 2), respectively. 



Fig. 3 Experiment XLIX, 2. Silver impregnation, demonstrating the bound- 
aries of individual cells. Drawn from a part of actively moving border closely 
attached to the lower surface of cover-glass. Cultivated in serum; three days' 
growth. (7, advancing border. X 450. 

3, Velocity of epithelial movement 

The velocity of cell movement in vitro exhibits a considerable 
variation under different circumstances, and, as stated before, 

THE JOURNAL OF EXPERIMENTAL ZoOlOGT, VOL. 26, NO. 3 
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TABLE 1 
Cultures in plasma 





NUMBER 
OP PREPA- 
RATIONS 


CELL MOVEMENT 




8EBIE8 NO. 


Into 
medium 


On 

endothelial 

surface 


On 
epithelial 
surface , 


On 
cover glass 


On 

surface 

film 


NO 
MOVEUSNT 


50a 

50b 

46 

45 

43 

52 

57 

61 

62 

63 
102 
106 
104 
107 
110 
111 
212 


18 

14 
10 

6 
20 

6 
10 
10 

2 
34 
33 
15 
15 
11 

8 

9 
18 


14 
5 
3 
5 
13 
5 
9 
8 
2 

24 

18 

15 

1 

6 

6 

4 

11 


14 

13 

10 

5 

11 

4 

3 

6 

2 

33 

31 

14 

15 

11 

8 

9 

17 


1 

2 

1 
2 
2 
2 


1 

4 
2 
2 
3 
4 
2 
2 


1 
1(?) 

1 


1 

1 


Total 


239 


149 


206 


10 


20 


3 


2 



combinations of several types of movement are often to be seen 
in a single preparation. 

Dming the period of activity, a change in the type or direction 
of movement was often observed, and such a change in one part 
was apt to modify the movement of neighboring cells. Single 
cells or small groups of cells, as a rule, moved more freely than 
those in the spreading membrane. The consistency of the plas- 
ma, the liquefaction and the contraction of the fibrin influence 
both the rapidity and the type of movement into the plasma. 
The temperature has both direct and indirect influences on the 
movement. There is also individual variation which cannot be 
attributed to any of the above factors. For these reasons, the 
velocity of the epitheUal movement varies from hour to hour, 
and it is very diflScult to analyze the factors influencing it. 

Usually, the most vigorous activity occurred during the first 
twenty-four hours. For instance, the epithelium on a piece of 
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TABLE 2 
Cultures in serum 





NUMBER 
or PREPA- 
RATIONS 


CELL MOVEMENT 




SSRIBi NO. 


Into 
medium 


On 

endothelial 

surface 


On 

epithelial 

surface 


On 
cover gla«8 


On 

surface 

film 


NO 
MOVEMENT 


56 

94 

58 

60 
139 
138 
140 
135 
165 
166 
167 
208 
219 

221 ' 
232 
233 
234 


28 

28 

7 

8 

7 

7 

5 

8 

14 

12 

15 

23 

18 

20 

7 

9 

9 




28 

28 

6 

7 

7 

6 

5 

8 

14 

12 

15 

23 

18 

20 

7 

9 

9 


1 


5 


1 


1 

1 

1 


Total 


225 




212 


1 


5 


1 


3 



cornea cut radially into eight parts, spread out into the plasma 
within twenty-four hours in an extension which was even larger 
than their original area, though not in the same degree of rapidity 
at all cut ends. Similarly, in successful preparations, it was seen 
that the whole endothelial surface was covered within twenty-four 
hours by the epitheUum spreading over the entire circumference 
of the piece. When the moving borders met each other, move- 
ment ceased. 

Some measurements are given in table 3. 
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TABLE 3 
















MOVEMENT 


ON 


MOVEMENT INTO 




PREPA- 


ENDOTHELIAL SURFACE 


PLASMA 






RATION 
NO. 












After 
Shre. 


24hr8. 


48hrB. 


Shre. 


24 hrs. 


48 bra. 


Experiment 210, plasma culture, 


1 


0.14 


0.4 


0.5 


0.06 


0.3 


0.5 


at 21 °C. 


2 


0.14 


0.7 


1.0 


0.1 


0.3 


1.& 




3 


0.1 


0.8 


0.8 


0.11 


1.1 


1.6 




4 


0.14 


0.65 


0.7 


9 


1.0 


0.9 




5 


0.14 


1.0 


1.6 


0.08 


0.8 


1.0 




6 


0.1 


0.3 


0.9 










7 


0.1 


0.6J 


0.9 










8 


0.1 


0.6 


0.8 








Average movement in milli- 
















meters 




0.12 


0.63 


0.83 


0.087 


7 


1.16 








1 








20hr8. 


40 hrs 


60 hrs. 


Experiment 211 A, plasma cul- 








0.5 


2 2 


2 


ture, at 20 °C. 


2 








0.8 


4.0 


5.4 




3 








1.0 


2.5 


2.8 


Average movement in milli- 
















meters 










0.77 


2.8 


3.4 








1 


20hr8. 


40hrs. 




20 hrs. 






Experiment 21 IB, plasma cul- 


0.7 


1.2 










ture, at 20°C. 


2 
3 
4 


0.6 
1.0 
0.6 


0.7 
1.0 
0.7 












5 


0.4 


0.5 




0.2 








6 


0.6 


0.6 










Average movement in milli- 
















meters 




0.65 


0.78 
















1 


20hr8. 












Experiment 208, serum culture. 


0.3 












at 20**C.* 


2 
3 
4 
5 
6 


0.4 
0.8 
0.8 
0.6 
0.7 












Average movement in milli- 
















meters 




0.6 

















•Pieces which measured: 1.2 x 0.6 mm.; 1.8 x 0.5 mm-, 2.0 x 0.6 mm., 2.4 x 
1.1 nun., and 0-8 x 0.8 mm., were entirely covered up with moving epithelium 
in seventeen hours. 
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II. ON THE REACTION OF EPITHELIAL CELLS TO CERTAIN SOLID 

SUPPORTS 

1 . Movement on flat surfaces 

a. On glass and celloidin. We shall first consider movement 
on the glass cover-slip.^ There is difficulty by means of usual 
culture method in bringing the epithelial rim into contact with 
the cover-glass from the beginning. Attempts to do this by 
reducing the plasma failed, as the epithelium did not show activ- 
ity unless the medium was used in sufficient quantities. 

In the later experiments, the piece of cornea (cut ofif tangentially 
to eyeball) was placed on the cover-slip, mainly with the inner 
surface down, and subjected to slight pressure by means of thin 
silver wires or glasses and kept in that position for a certain 
period after mounting with serum, so that the cut ends came into 
contact with the glass. When the silver wires were properly 
placed and controlled imder the microscope, it was possible in 
ahnost every instance to bring certain parts of the moving epi- 
thelium into contact with the cover. Of course, where even a 
minimal space existed between the tissue and cover-glass surface, 
the epithelium crept on the underlying tissue. 

Cover-slips coated with celloidin were also used. Thus the 
movement of the epitheUum on celloidin and glass surfaces, 
respectively, could be compared. A comparison could also be 
made in the same preparation, by employing a cover-slip, only 
one half of which was coated with celloidin. Such preparations 
must be handled carefully, otherwise a change of cell form readily 
occurs. 

No characteristic difference whatever in the mode of movement 
on the two different surfaces could be noticed. If the epithelium 
grew out vigorously, closely attached to the cover-slip, each cell 
became flattened into an exceedingly thin layer. In some 
instances it was seen that the advancing border became very 

* It should be stated here that the cover-glasses used in these experiments were 
throughly cleaned and washed in the vapor of distilled water, as is usually done 
to remove any trace of alkali, in order to exclude any chemical influence from that 
source. (Ostwald-Ruther, Physiko-chemische Untersuchungen.) 
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irregular. This was most marked when active cells on the border, 
showing unusual protoplasmic activities, tore themselves loose 
from their connection. Similar conditions, however, were often 
to be noticed in the actively mobile epithelial layer growing out 
into firmly clotted plasma. In the epithelial movement on the 
endothelial surfaqe, such a condition but rarely occurred; as a 
rule, the cells moved more uniformly, showing a smooth advanc- 
ing border. 

In other instances small pieces of cover-glass or celloidin mem- 
brane were placed on the endothelial surface and pressed against 
it, so that a certain portion or the whole of this surface, 
which is a favorable support for moving cells, was covered. 
In these cases the epithelium was also seen to move over the 
celloidin or glass, if they were suitably mounted and the cells 
were not injured. Where the cell movemeiit on such artificial 
supports failed, examination proved that the placing of the 
membrane was not suitable; thus, by control of pressure, it was 
possible to direct the moving cells to these artificial surfaces, 
though this was not always an easy matter. At any rate, it is 
an estabUshed fact that the epithelium is able to creep on objects 
of such nature that chemical influences are excluded. 

b. On dead cornea. If in a part of an explanted piece of cornea 
an epithelial defect existed, it was seen that the epitheUal cells 
were able to cover the spot, spreading out from all edges, prac- 
tically with the same rapidity as on the endothelial surface. 

The same was true of a spot which had been killed by touching 
it with a heated needle. The cells injured by the latter procedure 
became roimd and detached, and the growing epitheUum crept 
beneath them along the surface of the killed tissue. 

Preparations were made of large strips of corneal tissue (about 
2x4 mm.), across the center of which a sharply defined epithelial 
defect was produced, after which one half of the remaining corneal 
tissue was killed by means of a heated needle, making the tissue 
surface look opaque and wTinkled. In such preparations it was 
seen that the epithelial movement over the wound occurred uni- 
formly, covering both the live and the dead tissue with the same 
rapidity. 
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Analogous experiments were made with pieces of cornea in 
. which an epithelial defect existed at one extreme end and in which 
the tissue at the other end had been killed; similarly, the cell 
movement on a burnt wound was compared with a control prep- 
aration, in which the underlying tissue was left intact with simply 
an epithelial defect. 

The use of tissue, vitally stained by neutral red^ or nile blue, 
facilitated the observation of epithelial movement on such 
wound surfaces. 

Analogous observations were made by using the surface of the 
cartilaginous layer of the sclerotic coat of the frog's eye. This 
tissue could readily be isolated from the other layers after boiling, 
and it was then thoroughly washed before using. It \^as trans- 
lucent, showing characteristic convexity, which admirably fitted 
on the inner surface of the similarly curved cornea; even without 
any pressing, the two tissues would lie so closely together in 
the culture medium (serum) that the epithelium frgm the cut 
ends of cornea crept over the cartilage. It proved helpful, how- 
ever, if the pieces were slightly pressed together. 

Out of twenty-six experiments, movement of the epithelium 
over the cartilaginous plate took place in twenty-one; in three 
cases no movement was observed owing to injury of cells. An 
example of this is illustrated in figures. 4 and 5. 

2. Movement offiber4ike supports 

Next, the response of the epithelium to the various fiber-like 
supports were tested, such as spider web, silk fiber, glass wool, 
and asbestos. 

a. Spider web as support. Experiments were made similar to 
those of Harrison ('14), using spider webs. In each preparation 
a sufficient quantity of^ serum was used as culture medium. 

Figure 6 represents one of the preparations of the series; many 
cultures were found where the cells clung to the fibers. Out of 
thirty cultures twenty-four were positive, four doubtful, two 
infected. 

* S. Matsumoto. Demonstration of epithelial movement by the use of vitrl 
staining. This paper will appear in the next number of this journal. 
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b. SiUc fiber as support Other experiments were made, using 
silk fibers. In these a number of fibers of raw silk were stretched 
on the glass ring and cover-glass, imitating the experiment with the 
spider webs. 

Out of twenty-nine cases there were fourteen that gave positive 
results, one being infected. 



B 



Fig. 4 Experiment 233,- 4. showing epithelial movement (E) on the boiled 
cartilaginous plate (ch) of sclerotic coat closely placed on the endothelial surface 
of cornea. Cultivated in serum; forty hours' growth, t, cut ends of the piece of 
cornea are clearly visible through the transparent car tilagineous plate. X 98. 

Similar experiments were made by Carrel and Burrows Clla) 
with embryonic chick tissue. 

c. Glass wool as support. Glass wool (Merck) was thoroughly 
cleaned and sterilized, then placed in the culture, so that the 
epithelium might attach itself to the fibers. 

Out of twenty-eight cultures sixteen gave positive results. 
An example is shown in figure 7. 
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rf. Asbestos fiber as support. Asbestos fibers were ignited and 
treated with pure cone. HCl; the fine cloudy suspension was col- 
lected and washed in distilled water to remove completely all 
traces of HCl, and then sterilized before use. 

In the serum culture of the cornea the fibers were mixed densely 
so that, they appeared like a nest, in which the tissue lay. As 
the fibers were very fine, they did not hinder microscopical exam- 
ination, if not too densely placed. 




Fig. 5 Experiment 233; 4. 8.i:r.o preparation as shown in fig. 4. Portion of 
vertical section, drawn from one of the serial sections, ep, epithelial surface of 
cornea; c, connective tissue; ch, cartilaginous plate, placed on the endothelial 
surface of cornea; i, cut end of cornea. Note the epithelial movement (E) on 
the sclerotic cartilage (ch). Forty hours' growth. X 98. 

Thirty cultures were made in this group, with positive results in 
twenty-two. Figure 8 shows an example of this series. 

6. Movement on pithy etc. Further studies were made with pith. 
Thin pieces were used, which were kept in distilled water which 
was changed every three days for a period of over three months. 

Experiments showed that the epithelium was able to cling to 
the cell walls of the thin piece of pith. Figure 9 shows clearly 
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the growing out of epithelial cells on the support. Out of twenty- 
seven experiments nineteen gave positive results. 

On the shell membrane of hen's egg, used as support, after 
thoroughly washing and boiling, a similar condition was observed. 



> 



E^;:^^ 




6 7 

Fig. 6 Experiment 238, 11. Epithelial movement in serum on spider web- 
In the neighborhood of the explanted tissue (c) a good many isolated cells, round 
in shape, were noticed, which are omitted in this figure; they showed no active 
movement, t, edge of the piece; above, some cells move out in sheets on the 
cover-glass. Compare Jour. Exp. Zool., 17, 521, figs. 4 to 7, 12. X 98. 

Fig. 7 Experiment 49, 7. Epithelial movement on glass wool (gw); culti- 
vated four days in serum. <, edge of tissue. X 98. 

III. RESUME 

This paper deals with the movement of corneal epithelium of 
the adult frog in vitro. Frog cornea is very suitable for this 
purpose, as it is so transparent and thin that it permits of direct 
observation of the cell movements. 

The corneal epithelium cultivated in plasma shows v'Brious 
types of movement, according to the nature of the substratum 
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(fig. 1). The movement is of an amoeboid character. As a rule 
the cells have a strong tendency to cling to their own kind and 
thus extend in sheets, although imder certain conditions active 
movement of isolated cells is also to be seen. 

In the majority of cultures movement into the medium or 
along the endothelial surface (or both) takes place according to 
the consistency of the culture medium. The fact, that the epi- 



^^. 









:::x '^ 



^.<-._m 



Fig. 8 Experiment 238, 1. Epitheiini movement on fibers of as* estos: culti- 
vated forty hours in serum. At the extreme left cells are to be seen moving 
along cover-slip. Note the adaptation of single cells to asbestos fibers. X 450. 

thelimn moves along the epithelial or endothelial surface is very 
important from various points of view; such a movement may 
easily be overlooked in the culture of non-transparent tissue, such 
as skin. 

In the preparations in which serum is used, no migration of 
the epitheliiun into the medium takes place. There is mainly 
a movement of cells over the tissue, especially on the endothelial 
surface. 
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Naturally, the question arises, whether the epithelial movement 
on the tissue, which is so frequently to be seen in the fluid me- 
dium, is chemotactic or thigmotactic in nature, It might even 
be that the type of movement is due both to mechanical and to 
chemical influences acting simultaneously. However, the epi- 
thelium is able to move with practically the same velocity both 
on a substratum where the covering epitheliirai has been simply 



Fig. 9. Experiment 2.39. Corneal piece eultivatcd in serum with pith; three 
days after explanation. Note the epithelium clinging to the piece of pith (p) 
moving out of the cut end (/) of cornea (c). X 98. 

scraped off and on one where the underlying tissue has been 
killed by heating. The movement in the latter cases cannot, 
therefore, be dependent upon chemotactic influences from the liv- 
ing tissue. The same is true of the movement taking place on 
the surface of the cartilaginous plate of the sclerotic coat, pre- 
viously killed by boiHng. 

Furthermore, the epithelium is able to move on the surface 
of glass, on a celloidin film, and also on such fiber-like supports 
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as spider web, glass wool, asbestos, etc., when it is brought into 
contact with them. 

The cell movement on the glass and celloidin film is very- 
vigorous, sometimes more rapid than on the endothelial surface. 
In the movement on such supports chemotactic influences are to 
be considered as excluded. 

It has been repeatedly observed by various writers that a suit- 
able support for the growing cells is an important requisite; 
Harrison (^14) demonstrated lately the importance of such fac- 
tors for the movement of embryonic cells very clearly. The facts 
above described confirm this view, that stereotropism plays an 
important role in cell movement. 

The behavior of corneal epithelium in vitro serves to throw 
some light on the mechanism of epithelial growth in vivo. 

The experiments show clearly that the epithelium is able to 
extend from the cut end quite rapidly in sheets into the medium 
(plasma), or on the tissue (plasma and serum), and can cover a 
large area, whereas mitotic cell divisions are not necessary at all. 

That Oppel ('12) as well as Osowski ('14) did not observe 
amoeboid activity of the epithelium was perhaps due to the diffi- 
culty of direct observation. Special, careful observation on the 
movement of epithelium of warm-blooded animals, however, is 
necessary. 

In conclusion, I wish to express my indebtedness to Prof. 
R. G. Harrison for his direction and valuable advice. 
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BAKER ON THE MICROSCOPE AND THE 
POLYPE 

By Professor LORANDE LOSS WOODRUFF 

TAUB UNIVEBSirT 

THE transactions of learned societies during the eighteenth 
century are replete with microscopical observations in- 
stigated directly or indirectly by the pioneer work of Hooke 
and Grew in England, Leeuwenhoek and Swammerdam in Hol- 
land, and Malpighi in Italy. In particular, Leeuwenhoek's 
long series of letters, published year after year chiefly in the 
Philosophical Transdctions of the Royal Society of London, re- 
vealed an undreamed-of microcosm beyond the ken of unaided 
vision and turned the attention of the ** Ingenious and Curious," 
the philosopher and dilettante, to the slowly developing micro- 
scope as a source of pleasure or fame. Among the English dis- 
ciples of Leeuwenhoek, it was Henry Baker, of London, on 
whom seems to have fallen the Dutch microscopist's mantle- 
though, it is true, considerably reduced. 

Baker was bom in London on May 8, 1698, and began his 
career at an early age as a bookseller's apprentice. In 1720 
he undertook to tutor a deaf and dumb child and with such 
success that he established a private school in London for deaf 
mutes. His course of instruction comprised speech and lip 
reading, writing and drawing, but the essential point of his 
system, which unfortunately he felt constrained to keep a secret, 
was that, after the preliminary training, he took his pupils on 
rambles about London and instructed them by conversation on 
the events of everyday life with which they came in contact. 
Baker realized a considerable fortune from his school, and the 
success of his method brought him to the attention of Daniel 
Defoe, who in 1728 became associated with him in founding the 
Universal Spectator and Weekly Journal. The following year 
Baker married Defoe's youngest daughter, Sophia, who bore 
him two sons. He survived both his wife and children, his sole 
heir being a grandson. After Baker's death on November 25, 
1774, the Royal Society established the Bakerian Lecture with 
a fund given by him for discourses on ** anatomical or chsoni- 
cal" subjects. 

Baker's first essay as an author was ''The Invocation of 
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Health/' which was published without his sanction in 1723. 
The same year appeared a pamphlet of *' Original Poems: 
Serious and Humorous/' printed for the author, and was fol- 
lowed in three years by the "Second Part of Original Poems: 
Serious and Humorous." In 1727 was published his philosoph- 
ical verses entitled " The Universe. A Poem intended to restrain 
the Pride of Man.'' This was printed for T. Worrall at Judge 
Coke's Head, against St. Dunstan's Church, in Fleetstreet, and 
sold for one shilling. "The Universe/' as its subtitle indi- 
cates, is an attempt to impress the reader with the vastness 
and grandeur of nature and the folly of insignificant man 
believing that it was created for his especial edification. This 
poem, which attained considerable popularity and was fre- 
quently quoted, reminds one of the poetical works of Eras- 
mus Darwin. An idea of the whole may be gathered from the 
following extract, which is one of the most interesting, and ap- 
parently one which Baker especially approved since he quoted 
it before the Royal Society — ^the first instance of original versi- 
fication appearing in the Philosophical Transactions — and again 
nearly twenty years later in " The Microscope Made Easy " : 

Each Seed includes a Plant: that Plant, again. 
Has other Seeds, which other Plants contain: 
Those other Plants have all their Seeds; and Those, 
More Plants, again, successively inclose. 

Thus, ev'ry single Berry that we find. 
Has, really, in itself whole Forests of its Kind, 
Empire and Wealth one Acorn may dispense. 
By Fleets to sail a thousand Ages hence: 
Each Myrtle-Seed includes a thousand Groves, 
Where future Bards may warble forth their Loves. 
So Adam's Loins contain'd his large Posterity, 
All People that have been, and all that e'er shall be. 

Amazing Thought! what Mortal can conceive 
Such wond'rous Smallness! — ^Yet we must believe 
What Reason tells: for Reason's piercing Eye 
Discerns those Truths our Senses can't descry. 

During the next decade Baker published two volumes en- 
titled " Medulla Poetarum Romanorum '' and also a translation 
of Moli^re ; but his name has been preserved from oblivion almost 
solely by his two volumes, " The Microscope Made Easy '* and 
** Employment for the Microscope,*' which exploited the com- 
pound microscope. 

For Many have been frightened from the Use of it, by imag^ining it re- 
quired great SkiU in Optics, and Abundance of other T^ftn^ing to comprehead 
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it to any Purpose: whereas nothing: is really needful but good Glasses, 
good Eyes, a little Practice, and a conunon Understanding, to distinguish 
what is seen; and a Love of Truth, to give a faithful Account thereof. 
Others have considered it as a meer Play-thing, a Matter of Amusement 
and Fancy only, that raises our Wonder for a Moment, but is of no farther 
Service: which Mistake they have fallen into, from being unacquainted 
with any Principles whereby to form a right Judgment of what they see. 
Many, again, have laid the Microscope aside, after a little Use, for want 
of knowing what Objects to examine, where to find, how to prepare, and 
in what Manner to apply theoL The trouble of managing it has also 
frighted some. . • • 

The likeliest Method of discovering Truth, is, by the Experiments of 
Many upon the same Subject; and the most probable Way of engaging 
People in Such Experiments, is, by rendering them easy, intelligible, and 
pleasant To effect this, is my Endeavor in the following Treatise. . . A 

''The Microscope Made Easy'' was dedicated to the Royal 
Society and, receiving its imprimatur in 1742, was published 
by the famous London bookseller, Robert Dodsley. 

Where TuUy's bust and honoured name 

Point out the venal page. 
There Dodsley consecrates to fame 

The classics of his age.* 

The book's popularity is attested by the fact that a second edi- 
tion, with some additions, appeared the following year, and 
later editions, unchanged, in 1744, 1754, 1769, 1785, etc., not 
to mention the translations into foreign languages. The scope 
of the work is given in extenso on the title page (cf. Fig. 1). 

The spirit of the eighteenth century which called forth 
Baker's volumes is well expressed in the Introduction: 

In this inquisitive Age, when the Desire of Knowledge has spread 
itself far and wide, and we sit not down contented, as heretofore, with the 
Opinions of ancient Times, but resolve to examine for Ourselves, and 
judge from our own Experience; it may not, perhaps, prove unacceptable 
to point out some proper Subjects of Enquiry. 

The Works of Nature are the only Source of true Knowledge, and the 
Study of them the most noble Employment of the Mind of Man. Every 
Part of the Creation demands his Attention, and proclaims the Power and 
Wisdom of its Almighty Author. The smallest Seed, the minutest Insect, 
shews the Skill of Providence in the Aptness of its Contrivance for the 
Purposes it is to serve, and displasrs an Elegance of Beauty beyond the 
utmost Stretch of Art 

The Wise in all Ages have been sensible of this Truth; and, as far as 
they were able, have studied and enquired into the Recesses of Nature; 
but for Want of proper Helps have frequently been mistaken. As cer- 
tain Principles must first be learned ere we can become Masters of any 
Science, so in the School of Nature, we must begin with the Minutise, the 
smallest and most imcompoimded Parts, ere we can imderstand the larger 
and more considerable. . . . 

^ ** The Microscope Made Easy," Dedication. 
* London newspaper , 1756. 
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That Man is certainly the happiest, who is able to find out the 
greatest Number of reasonable and nsefol Anmsements, easily attainable 
and within his Power: and, if so, he that is delighted with the Works of 
Nature, and makes them his Study, must imdoubtedly be happy; since 
every Animal, Flower, Fruit, or Insect, nay, almost every Particle of 
Ifatter, affords him an Entertainment. Such a Man never can feel his 
Time hang heavy on his Hands, or be weary of himself, for want of 
knowing how to employ his Thoughts: each Garden or Field is to him a 
Cabinet of Curiosities, every one of which he longs to examine fully; and 
he considers the whole Universe as a Magazine of Wonders, which infinite 
Ages are scarce sufficient to contemplate and admire enough. . . . 

All these, and numberless Wonders more, the Micbosoofb can exhibit 
to us. I shall therefore proceed to describe this noble Invention, shew 
how far it is ini;proved at present, give a brief Accoimt of what Discov- 
eries have been made, and point out some Objects for the Curious to ex- 
amine by it. In doing this, I shall avoid as much as possible all Affecta* 
tion of Learning, or Expressions that are not in common Speech, being 
desirous that every body may imderstand me. 

The author, then, in Part I. of the book, first describes and 
illustrates in succession the Single Microscope and a new in- 
vention for " giving Light to it by a Speculum," the Double Re- 
flecting Microscope, the Solar or Camera Obscura Microscope 
and the Microscope for Opake Objects, and then devotes the 
remaining chapters to general microscopical technique, conclud- 
ing with some sound advice : 

Beware of determining and declaring your Opinion suddenly on any 
Object; for Imagination often gets the Start of Judgement, and makes 
People believe they see Things, which better Observations will convince 
them could not possibly be seen: therefore assert nothing till after re- 
peated Experiments and Examinations, in all Lights, and in all Positions. 

When you employ the Microscope, shake off all Prejudice, nor harbour 
any favourite Opinions; for, if you do, it is not unlikely Fancy will betray 
you into Error, and make you think you see what you would wish to see. 

Remember, that Truth alone is the Matter you are in Search after; 
and if you have been mistaken, let no Vanity seduce you to persist in your 
Mistake. 

Part n. of the work (cf. Fig. 1) is devoted to an account of 
microscopical discoveries and to '' Pointing out many uncom- 
mon Subjects to the Enquiry of the Curious." The material 
presented is largely gleaned from the works of others, chiefly 
Leeuwenhoek, Swammerdam, Hooke, Power and Derham — to 
whose works he gives page references in every instance — but in 
addition he inserts many observations of his own, some new and 
some from his papers before the Royal Society, and also inter- 
sperses the whole with pertinent remarks in regard to the sub- 
ject under immediate consideration. For example, in his ac- 
count of blood : 

I believe it will be allowed, that where one Person dies from a Dia- 
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EMPLOYMENT 
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MICROSCOPE. 
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order in the containing Vessels, twenty miscarry by some tmnatural Alter- 
ation in the Fluids that pass through them: and therefore, if we can 
find what their natural State is, the Means whereby it may be preserved 
in such State, by what Accidents it may be prejudiced, and how it may be 
restored, our Pains will be well employed. 

In order to obtain this useful Knowledge, it will be necessary to 
examine the human Blood and other Juices, frequently, with the MicrO' 
scope, in every Condition, and under every Distemper, as well as in a 
State of Health: by which we shall have ocular Demonstration of its 
different Appearances in each State, and of the Changes it undergoes; 
and by Experiments of various Mixtures with it, may possibly discover by 
what Means it can be altered from one Condition to another. . . . 

Would our learned Physicians, who are best able to judge of such 
Matter, be induced to take this Method into their Practice, it is reasonable 
to believe, that in a few Years the Causes of Diseases would be better 
known, and the Art of Healing brought to a much greater Certainty, than 
it is at present. . . • 

Many Distempers might perhaps be cured by an immediate Admis- 
sion of some Medicine into the Veins, which elude the Power of all that 
can be taken by the Mouth. For the Stomach, by its Heat, its Action, 
and a Mixture of its Juices, works such an Alteration in Things before 
they can be admitted into the Blood, that they are unable to produce the 
same Effects as if they were received into it simply and unchanged. 

In the chapter on the generation of organisms he says that 

Nothing seems now more contrary to Reason, than that Chance and 
NoBtmeas should give a Being to Uniformity, Regularity, and Beauty: 
that two such unlikely Principles should produce, in different Places, 
Millions of Vegetables of the same Kinds, and alike exactly, even in the 
most minute Particularities: or, what is yet more amazing, that dead 
corrupting Matter, and blind uncertain Chance, should create living 
Animals. . . . This, however, was the Opinion, not only of the Ignorant 
and Illiterate, but of the most learned grave Philosophers of preceding 
Ages; and would probably still have been taught and believed, had not 
Microacopea discovered the Manner how all these Things are generated. . . . 

And, again, that 

The Growth of Animals and Vegetables seems to be nothing else but 
a gradual Unfolding and Expansion of their Vessels, by a slow and pro- 
gressive Insinuation of Fluids adapted to their Diameters; imtil, being 
stretched to the utmost Bounds appointed them by Providence at their 
Formation, they attain their State of Perfection, or, in other Words, 
arrive at their full Growth 

— a view which called forth the verses from The Universe 
which were quoted on an earlier page. 

The numerous illustrations which are grouped on 15 copper 
plates include, for example, good reproductions of Leeuwen- 
hoek's original figure of Hydra from the Philosophical Trans- 
actions, and what is probably the first figure of a Paramecium^ 
from an anon3mious communication in the same publication. 

Concordant with the custom of the time: 
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Before this Treatise is concluded, it will not perhaps be l^onght un- 
profitable to examine some of the finest and most exquisite Performances 
of human Art, and compare them with the Productions of Nature; as 
such a Comparison must tend towards humbling the Self-conceit and 
Pride of Man, by giving him a more reasonable and modest Opinion of 
himself; and at the same time may in some Degree conduce towards im- 
proving his imperfect Conceptions of the Sufremb Creator. . . . 

The Use of the Microacope will naturally lead a thinking Mind to a 
Consideration of Matter, as fashioned into different Figures and Sizes, 
whether Animate or Inanimate: it will raise our Reflections from a Mite 
to a Whale, from a Grain of Sand to the Globe whereon we live; thence 
to the Sun and Planets; and, perhaps, onwards still to the fixt Stars and 
the revolving Orbs they enlighten, where we shall be lost amongst Suns 
and Worlds in the Immensity and Magnificence of Nature. 

Although the proportion of Baker's own observations is 
relatively very small, the work is far from being merely an ex- 
cellent compilation, as it is permeated throughout with the spirit 
of a man who is a constant, enthusiastic devotee of microscopic 
study and who is acquainted first hand with a large part of 
the material he is presenting. 

The success of "The Microscope Made Easy'* led Baker to 
publish ten years later his " Emplosonent for tiie Microscope,** 
which is practically a supplement to the second part of his first 
book — and after 1753 the two works were usually sold together 
under the title " Baker on the Microscope/' This second volume 
is largely a compilation of Baker's own studies of animalcules 
from various sources and here we find a Suctorian figured for 
the first time, apparently Podophrya qtuidripartita, as well as 
a number of other hitherto undescribed organisms. Baker, like 
Joblot, makes an attempt to give more or less appropriate 
names to the various organisms which he describes but he does 
not apply a binomial nomenclature or classify them — ^Dr. John 
Hill, during the previous year, being the first to give animal- 
cules definite Latin names (e. g., Paramecium) and to arrange 
them in groups, under the infiuence of the rapid advances in 
taxonomy at the time. 

Although Baker's studies on microscopic organisms have 
been emphasized above, apparently he himself and the Royal 
Society were more pleased with his studies, presented at length 
in this volume, which he had been making 

for above ten Years past, on a great variety of Saline Bodies, Mineral, 
Vegetable and Animal, as weU as many other Substances, both simple and 
compound, whose Parts can be dissolved in Fluids, after a Method which 
has never hitherto been described by any Author, or practised before my- 
self by any body that I have heard of. And tho' I have found their orig- 
inal Particles imdiscoverable by any Microscope, the Time I hope has not 
been wholly misemployed; since I have been enabled, by the help of that 
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Inftrament, to behold the amazing Order and Regularity, wherewith, 
after being separated by Dissolution, they come together and re-unita 
under the Eye, when put in Action by certain D^^rees of Heat, in Con- 
figurations appropriated to each of l^em respectively, and with a' Con- 
stancy that is surprising.* 

The Experiments here described, and which l^e Reader is instructed 
to make, must I think generally entertain; but merely to entertain, is, I 
hope, the least of their Worth. They may possibly lead to the Knowledge 
of what passes in the Formation of Gems, and the most beautiful mineral 
Productions: And as every new Discovery is an Encourag^nent to farther 
Disquisition, the Hints here given may perhaps set abler Heads at Work 
to improve Art on the Principles of Nature. Examinations by the Micro- 
scope, in the Manner here directed, may likewise be employed to ascertain 
the Truth and Purity of many simple Substances and Compositions made 
use of in Medicine, and detect Fraud and Imposition.^ 

For this work Baker received fhe Copley Medal of the Royal 
Society for 1774 which was awarded "to whomsoever of the 
members shall be deemed to have produced the most extraordi- 
nary Discovery during the whole year." 

The volume concludes with a chapter on "Miscellaneous 
Observations'' which includes a section on the microscopes of 
Leeuwenhoek. 

Though Mr. Leeuwenhoek's Microscoi>es are much talked of, very few 
People are acquainted with their Structure and Apparatus, no Figure of 
them that I remember haying ever been made publick: 'tis therefore 
hoped the Curious will be pleased to see a Drawing of them, taken with 
great Exactness from those in the Repository of the Royal Society. . . . 

Baker was apparently a congenial spirit and " Societarian,'' 
beinfiT for nearly thirty years one of the most active Fellows 
and frequent members of the Council of the Royal Society, a 
Fellow of the Antiquarian Society of London, and a founder 
and secretary of the Society for the Encouragement of Arts, 
Manufactures and Conmierce. Martin Folkes, during his 
eleven-year presidency of the Royal Society, was on terms of 
considerable intimacy with Baker, being one of a small group 
of the Fellows who met now and then at Baker's home to con- 
sider matters philosophical. Folkes apparently had great con- 
fidence in Baker's skill with the microscope and frequently asked 
him to verier observations communicated to the Royal Society 
through the president. 

It was in this capacity, for example, that Baker made his 
observations on the origin of " Eels in blighted wheat" (which 
Needham had conmiunicated in his ''New Microscopical Dis- 
coveries,'' London, 1745, and later advanced as support of the 

s " Employment for the Microscope,'' Chapter I. 
«/5id., Dedication. 
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^ well-known " Buffon-Needham Theory") as well as his study of 
Hydra which he published in a volume of 222 pages under the 
title of "An Attempt towards a Natural History of the Polsrpe: 
In a Letter to Martin Folkes, Esq; President of the Royal So- 
ciety," London, 1743 (cf. Fig. 8). 

That carious Observer of Nature, Mr. Leeuwenhoek, first took notice 
of this Animal, and the uncommon Way its young ones are produced, in the 
Tear 1703 . . . but its more amazing Properties were reserved for the 
Inquisitive and happy Genius of Mr. Trembley to discover, in the Year 
1739 . . . observing it in some Respects to bear' the Resemblance of a 
Plant, and in others of an Animal, he resolved, by cutting it in pieces, to 
satisfy himself, whether of the two it reaUy was; and found, by this 
Trial, that, after a few Days, each Piece became a perfect Body, of the 
same Form exactly as That of which it had been only a Part: which Ap- 
pearance would have determinM him to conclude it to be a Vegetable, had 
he not discovered in it at the same time, a frequent Change of Figure, a 
Motion from place to place, a greedy and voracious Appetite, and a singu- 
lar Dexterity in catching, mastering and devouring Insects and Worms. . . . 

In consequence of these Discoveries, he, ever since, has been making a 
Variety of such Experiments as none but his own fertile Invention would, 
probably, have contrived. These Experiments were performed in Sight 
of many of the Curious. . . . Some of these Creatures were likewise sent 
both to Mons. Reaumur and You, lest any Difficulty of finding them, 
might prevent, discourage, or delay making the same Trials in France, or 
England, as himself had done at the Hagvsfi 

When Accounts of the extraordinary Properties of this Creature 
were communicated to you ... it was never expected we should rest con- 
tented with their Accounts without making Experiments ourselves: NttZ- 
lina in Verba being the wise Motto and establish'd Maxim of the Royal 
Society. But in respect to the Reputation of the Royal Society as weU 
as to the Gentlemen who communicated these Discoveries, it became incum- 
bent on us, as soon as they had sent the Insects over hither, to put them 
to a severe but speedy Trial, and from the Issue of our own Experience, 
either convince the World that these Gentlemen had been mistaken, or 
give our Testimony that what they affirm is true. This, Sm, was your 
opinion. . . .« 

You was, likewise, so obliging to favour me with three of yovx 
Polypes, very soon after their Arrival, with Intent that I should put them 
to the severest Test; and, to encourage and assist me in so doing, have 
frequently honoured me with your Company, and been yourself a Witness 
of my Proceedings. 

With these three Polypes I began my Experiments. . . . And I have 
gone on till this very Day repeating most of them several Times over, 
without finding any considerable Difference, but that of a much quicker 
Growth and Separation of the Parts cut to Pieces as the Weather became 
warmer. . . . Though it may not be improper to remark, that what by 
Divisions, Subdivisions, and the Creature's natural Increase, several hun- 
dreds have been produced by my first three, between March the twenty 
fifth, and the present fourth Day of August. 

» " Natural History of the Polype," pp. 4-6. 
«/6ici, p. 201. 
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These, however, were not all the Polype I have had under my daily 
Care and Inspection: for . . . Mr. Ellioott, F.R.S. gave me six EngUsh 
Ones, and . . . seven or eight green Ones, . . . which have also increased 
considerably. And, in July last, you favoured me farther with some of 
the longarm'd Sort, just then arirved from Mons. Tbembley. 

You, Snt, who Imow my Way of thinking, will not I am persuaded so 
far mistake me, as to imagine I am attempting, by this Essay, to vie either 
with yourself, or Mr. Trembley; but it may not be improper to assure that 
Gentleman and the World, who are not so well acquainted with me, that I 
am as far from, as unequal to, such a Design; and that my real and only 
Motive to the many Experiments I have made, to the Care I have taken 
in propagating these Creatures, to the Readiness wherewith I have sent 
Numbers of them to Oxford and Cambridge, and dispersed them, as much 
as I have been able, amongst the Curious, and to this present Undertaking, 
has been to vindicate the Truth: which suffers sometimes for want of 
proper Means to prove it: and to display before Mankind, a new Instance 
of the amazing Power of the Creator.^ 

Thus the first book devoted to regeneration in animals ap- 
peared in England in 1743 and in a French translation in Paris 
in 1744, the same year that Trembley's famous "M6moires 
pour servir k I'histoire d'un genre de Poljrpes d'eau douce'' 
was issued at Leyden. 

In view of the fact that taker's work is not discussed in 
any, and the title of his book appears in the bibliography of only 
one of the recent volumes on regeneration, as a matter of record 
it seems worth while to give his list of experiments : 

Experiment I. Cutting off a Polype's Head; II. Cutting a Polype in 
two Pieces, transversly; III. A Polype cut in three Pieces transversly; IV. 
Cutting the Head of a Polype in four Pieces; V. Cutting a Polype in two 
Parts, lengthways; VI. Cutting a young Polype in two Pieces whilst stiU 
hanging to its Parent; VII. Cutting a Polype lengthways through the 
Body, without dividing the Head; VIII. A Repetition of the foregoing Ex- 
periment, with different Success; IX. Cutting a Polype in two Places 
through the Head and Body, without dividing the Tail; X. Cutting off 
half a Polype's Tail; XI. Cutting a Polype transversely, not quite 
through; XII. Cutting a Polype obliquely not quite through; XIII. Slit- 
ting a Polype open, and cutting off the End of its Tail; XIV. Cutting a 
PoljHpe with four young Ones hanging to it; XV. Quartering a Polype; 
XVI. Cutting a Pol3i>e in three Pieces the long way; XVII. An Attempt 
to turn a Polype, and the Event; XVIII. Turning a Polype inside out; 

XIX. An Attempt to make the divided Parts of different Polypes unite; 

XX. A speedy Reproduction of a new Head; XXI. A young Polyi>e be- 
coming its Parent's Head; XXII. A cut Polype producing a young One, 
but not repairing itself. 

In regard to Experiment XVIII,, a repetition of Trembley's 
famous one in which he believed that he had permanently turned 
a Polype inside out. Baker says : 

Though I made several Trials before and since, I could never succeed 
U6id., pp. 6-10. 
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in tnminsr Polypes, so well as in the above Experiment: which I impute 
to my Want of the Means Mr. Tbembley uses, as well as the Dexterity 
whereof he is Master: whose Account of his having turned many, and 
their living, thriving, and producing young Ones in that inverted State, I 
don't in the least doubt the Truth of. And when that Gentleman pleases 
to publish his own Method, which I should think myself unworthy of know- 
ing if I endeavoured to take any of the Honour of it from him, most rea- 
sonable People, I believe, will be convinced. 

The following extracts are from Baker's concluding re- 
marks: 

Having now, Snt, laid before you the most remarkable of my Experi- 
ments, in relation to the cutting Polypes asunder, and the Re-production 
of new Parts to make each Piece a perfect Polype; I shall entreat your 
Patience a little longer, whilst I add a few occasional Reflections. . . . 

Though real Facts are incontestable Arguments, and no Reasoning 
seems necessary after so many repeated Experiments, there are certain 
Prepossessions, Prejudices and Humours among Mankind (arising from 
early imbibed Theories or Systems, according to which they have accus- 
tomed themselves to judge of Things) that make People sometimes disbe- 
lieve even what they see, are stronger than Reason, and will hardly be 
conquer'd even by the plainest Facts. 

Hence it is that some have objected to the Reality of the Polype's 
being a living Creature, notwithstanding its moving from Place to Place, 
seizing its Prey, eating, digesting, and other Animal Functions: because 
its other Properties happen to be imsuitable to their Hypothesis of Life in 
generaL 

If the Animal Soul or Life, say they, be one indivisible Essence, aU in 
all, and all in every Part, how comes it, in this Creature, to endure being 
divided forty or fifty Times, and still continue to exist and flourish? 

Again: If animal Identity, say they, consists in Consciousness; and if 
every living Creature is sensible of Pleasure and Pain, or in other Words 
has a Consciousness, which most think a reasonable Supposition; when the 
Polype is divided into several Parts, all soon becoming perfect Polypes, 
where shaU we flnd the Identity of the original Poly pel 

These Queries, I must acknowledge, I am wholly uncapable of resolv- 
ing: but let those who tye themselves down to such Theories seriously 
consider, whether they believe themselves so perfectly acquainted with 
every living Creature God has made, and with all the Modes and Circum- 
stances of the Life of each, as to be certain their Theories comprehend 
them alL 'Tis, methinks, a little presuming to restrain the Operations of 
Nature, or imagine that God has done nothing but according to certain 
Rules well known to us. 

It is one great Part of Wisdom to know what we have Abilities for, 
and what Things are beyond our Power; that we may apply to the former, 
and avoid perplexing ourselves about the latter. How much valueable 
Time has been thrown away in framing whimsical unsatisfactory Schemes 
to account for the Operations of Nature, which might have furnished a 
great deal of profltable Knowledge, if spent in real Experiments on those 
self-same natural Operations? 

When a Twig is cut off, and by planting in the Earth becomes a Tree 
of the Kind whereof it was a Part, can we account for its becoming so, 
any thing better than we can for the like Effect in a Polypel . . . The 
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iHiole Difference is, we have known the One a lon^r while» and the other ii 
a late Discovery, which has not yet heen noticed in our System of Animal 
Life. ... 

Tis no great Wonder that Discoveries contrary to old and established 
Opinions should not at first be credited; but then, neither should they be 
absolutely rejected till Experiment has been made whether they are true 
or false. 

Those that know the most, are most sensible how little they know in 
comparison of what is yet unknown, and therefore consider Things with 
Modesty and Candour: but Ignorance cries out at once, it caimot be: — 
inconsiderately measuring the Powers of Nature by the scanty Compass 
of its own Experience, and more ready to reject the Truth than take the 
Pains to find it out. — ^A truly wise Man is so fully sensible how little 
he knows, and what Things he once was ignorant of, which he is now 
acquainted with, that he is far enough from supposing his own Judgment 
a Standard of the Reality of Things. 

Tremblejr's and Baker's demonstrations of the potentiali- 
ties of the poljrpe, reflected by Linnaeus naming it Hydra, and 
Hill, Biota, on accoimt of the " strong principle of life with which 
every part is endued," created considerable excitement in scien- 
tific, philosophical and literary circles. They apparently had 
forgotten that Aristotle observed that there are animals as well 
as plants which propagate themselves by shoots ; and on cutting 
one of these animals, the pieces which before comprised alto- 
gether but one animal become suddenly so many distinct indi- 
viduals. And further that the soul in animals is in effect 
but one, though ''multiplied in its powers as in plants." Or 
that St. Augustine relates in his '' De Quantitate Animse " that 
a friend in his presence cut a ' poljrpe ' in two, and inmiediately 
the two parts betook themselves to flight in opposite directions I* 

Henry Baker's original observations undoubtedly do not 
entitle him to a place among the leading pioneers with the 
microscope — ^f or most of his observations were made apparently 
at random without any particular purpose in view and none of 
his discoveries is of great significance— while some of them 
are not discoveries at all, as Hill,* in his animadversions on the 
Royal Society, takes especial pleasure in pointing out. But 
Baker's books, appearing at a time when the effects of the first 
glimpses into the "world of the infinitely little" were slowly 
permeating into general culture, had a considerable influence 
on the popularization of microscopic work and the general rec- 
ognition of its practical value, as well as in stimulating micro- 
scopic research. 

•Adams, ''Essays on the Microscope,** 2d edition, London, 1798. 
* Review of the Royal Society, London, 1751. 
VOL. Tn. — 16. 
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** Baker on the Microscope " was something new — a product 
of the time — ^though, in a way, a descendant, with modifications, 
of Joblof s work on animalcules and microscopes" first pub- 
lished during the Leeuwenhoek period, and later reprinted with 
but slight change in 1764, when Baker's works were among 
the "best sellers/' "Baker" was the humble forerunner 
within the limits of less than 800 octavo pages of our present- 
day manuals on bacteriology, protozoology and microbiology in 
general as well as of manuals on the microscope. Its success 
soon brought many competitors into the field, both in England 
and on the Continent— competitors such as the works by Adams 
which increased in bulk with each edition — ^but none of them 
approached it in originality of treatment, quaintness of expres- 
sion, philosophical insight or the contagious enthusiasm of its 
author for things that are small. 

"Baker on the Polyi>e," the first volume ever devoted to 
regeneration in animals, gradually sank into oblivion on account 
of Tremble3r's classic memoir, but not without having exerted 
a considerable influence in England in stimulating experiments 
and speculations on life phenomena as " exhibited by that won- 
derful fresh-water insect the Polsrpe/' 

It has been said of Mr. Baker, that he was a Philosopher in little 
things. If it was intended by this language to lessen his reputation, 
there is no propriety in the stricture. ... He was an inteUigent, up- 
right, benevolent man much respected by those who knew him best. His 
friends were the friends of Science and Virtue: and it will always be 
remembered by his contemporaries, that no one was more ready than him- 
self to assist those with whom he was conversant, in their various re- 
searches and endeavors for the advancement of knowledge, and the benefit 
of Society.il 

10 '^ Descriptions et usages de plusieurs nouveaux microscopes, tant 
simples que composez; avec de nouveUes observations faites sur une multi- 
tude innombrable d'insectes, & d'autres animaux de diverses especes, qui 
naissent dans des liqueurs pr6par6es, & dans ceUes que ne le sont point.'' 
Paris, 1718. 

11 Biographia Britanica, 2d edition, London, 1778. 
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OBSERVATIONS ON THE RELATION BETWEEN SUCK- 

LING AND THE RATE OF EMBRYONIC 

DEVELOPMENT IN MICE 

WILLIAM B. KIRKHAM 
08born Zoological Laboratory ^ Yale University 

INTRODUCTION 

The present paper embodies the results of two separate but 
siiniiltaneously conducted experiments, both designed to eluci- 
date further the problems presented by the lengthened gesta- 
tion period in mice which are pregnant and at the same time suck- 
ling a previous litter. Daniel CIO), working with such animals, 
obtained results whidi showed an almost constant relation of one 
day added to the gestation period for each animal suckled; the 
present writer C16), however, in a somewhat similar series of 
experiments, obtained results which showed no correlation be- 
tween the length of the gestation period and either the number 
of young suckled or the munber of embryos carried (cf . also table 
3). This work did, however, reveal the fact that when more 
than two young are being suckled the implantation of embryos 
instead of occurring on the fifth day after fertilization usually is 
delayed until the fourteenth day, during which period the blas- 
tulae lie free in the lumen of the uterus. The cause of this de- 
layed implantation was tentatively stated in that paper to be due 
to an inhibition of some sort exerted by the fully activated mam- 
mary glands upon the uterine mucosa. The testing out of this 
hypothesis was the purpose of the following experiment. 

INTERRUPTED SUCKLING AND THE RATE OF EMBRYONIC 
DEVELOPMENT 

The program for this experiment was to take healthy female 
mice which had just given birth to litters, pair them for twenty- 
four hom^ with healthy males, and then remove all but one of the 

49 
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suckling young at intervals varying; with different f emales, from 
one to thirteen days. One young animal was left in each case to 
avoid too violent a reaction upon the lactating organs, and the 
presence of a solitary suckling animal has been found to have no 
influence upon the length of the gestation period. The females 
were all killed on the thirteenth day after the birth of the suck- 
ling young, and any embryos then present were sectioned and 
their age detennined by reference to a check series of known age 
from non-suckling females (Kirkham, '16). The results of this 
experiment are set forth in table 1 and should be studied in two 
groups. The first group, cases when the full litter was suckled 
one to six days, embraces a period before the next set of embryos 
were ready to implant, while the second group, the remainder of 
the table, covers an interval when the blastulae were being in- 

TABLEl 

Data of aU mice uud in an experiment to deUrmine the effect on developing embryoe 
of removing aU but one of the suckling young. Unless otherunse stated, the fuU 
number of young bom were suckled until removed for the purpose of the experiment, 
^Stage of development of embryos is in terms of actual age of similar embryos from 
non-suckling females where thirteenth day post-^rtum equals twelfth day of 
embryonic development, AUthe females were killed on the thirteenth day after the 
birth of the suckled young 
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hibited from implantiBg. The importance of this grouping is 
apparent when one considers that in the first group of cases in 
every instance an interval of from a few hours to several days 
intervened between the end of suckling by the full litter and any 
readiness of the embryos to implant. Embryos in the second 
group, on the contrary, were presumably all prepared, before the 
removal of the sucklmg yoimg, to implant themselves, and did 
so as soon as the inhibition acting upon the uterine mucosa fell 
below a certain minimiun. 

Analysis of the data, with these facts in mind, reveals the 
interesting fact that while some sets of embryos (J 18, 21, and 
26) are as fully developed as control series when no yoimg were 
being simultaneously suckled, others show a lag in development 
of from one to four days. No such diversity of results has been 
foimd by the writer in series of embryos from non-suckling fe- 
males, and furthermore, it is evidently not directly correlated with 
the number of young suckled (cf. J 26 and J 27), the nimiber 
of embryos (cf. J 21 and J 22), or with the combination of these 
two numbers (cf. J 18 and J 27). There remains the explanation 
that the irregularity is due to an individual variation either in the 
strength of an inhibitory influence exerted by the mammary 
glands upon the uterus or in the susceptibiUty of the uterus to 
such influence. Evidently some individuals are so constituted 
metabolically that the inhibition is rapidly and entirely neutral- 
ized, so that if even a short interval elapses between cessation of 
full mammary activity and the arrival of the eggs in the uterus, 
implantation and further embryonic development proceed as 
though no young had been suckled, while in other individuals an 
even longer interval still leads to delay in embryonic growth. 
The possible existence of such an inhibitory influence of the acti- 
vated mammary glands upon the uterine mucosa has previously 
been shown by the experiments of Adler ('12), who found that 
repeated injection of extracts of mammary gland into pregnant 
guinea-pigs and rabbits arrested the development of embryos and 
often produced abortion. 
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CONSTANT NUMBER SUCKLING AND THE DEVELOPMENT OF 

EMBRYOS 

The second method of attacking the problem of prolonged 
gestation in suckling female mice was to determine whether 
or not, if the number of yoimg suckled was constant, the stage of 
embryonic development could at any given time after fertiliza- 
tion be theoretically determined. Four was chosen as the con- 
stant number, since it was neither the smallest size of litter known 
to prolong gestation nor, on the other hand, was it such a large 
number as to prevent the use of nearly all of the available material. 

Females who had just given birth to litters of four or more 
young had the male already present removed, together with any 
excess number of young. This was done the morning following the 
birth of the litter, and at varying intervals thereafter the females 
were killed, the eggs or embryos obtained from these females were 
sectioned, and their stage of development determined, the as- 
sembled data being shown in table 2. 

The first notable feature in table 2 is the delay in implantation, 
no implanted embryos being found before the twelfth day after 
ovulation, a confirmation of work published by the writa* in a 
previous paper ('16). After the twelfth day of gestation there 
appears the same lack of correlation, as noted above in con- 
nection with table 1, between their stage of development and 
the time of ovulation, and since if degeneration is going to 
occur it always takes place at the stage of four or five days' 
development, this possible factor can be ruled out. In other 
words, we have here proof of the fact that the irregularities in 
the rate of development of embryos in females which are simul- 
taneously pregnant and suckling is due, only in small measure, 
if at all, to the number of yoimg suckled, for if the number suckled 
and the rate of embryonic development were correlated the 
data in table 2 should indicate a regular correlation between 
stage of development and age of embryos, and such is not the 
case. 

The explanation of this failure to correlate the ratio of embry- 
onic development in suckling females with either the size of the 
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TABLE a 

Data of all mice used in an experiment to determine the effect on developing embryos 
of the suckling of a fixed number of young. In this experiment all litters within 
twelve hours of their birth were reduced to four young. Stage of embryonic de- 
velopment in terms of actual age of similar embryos from non-stickling females 



■KUAL irUMBSB 


8UB OF UmB 


▲OB OF SUOKLBD 
TOUKO 


■TAGB BMBBTONIC 
DBTBLOPMBNT 


DBLJLT 






day 


day 


Uy 


T76 


4 


3 


2 





Til 


4 


4 


3 





T70 


4 


5 







T24 


4 


6 




1 


T63 


8 


9 




4 


T67 


8 


10 




5 


T43 


4 


11 




6 


T42 


4 


12 




7 


T66 


5 


13 




8 


T62 


8 


14 




9 


T15 


4 


15 


10 


4 


T64 


5 


16 


7 


8 


Tes 


6 


17 


9 


7 


T60 


5 


18 


5 


12 


T56 


4 


19 


6 


12 


T68 


8 


20 


14 


5 


T73 


4 


21 


18 


2 


T61 


5 


22 


9 


12 


T57 


6 


23 


13 


9 


T69 


8 


24 


11 


12 


T71 


7 


26 


17 


8 


T72 


9 


26 


19 


6 



litter or with any otl^r factor is to be sought in the first part of 
this paper, where the irregular influence of the termination of 
suckling by a full litter is conclusively shown. Add to this the 
fact that under normal circumstances the suckling young begin 
to eat solid food at about the time implantation occurs in females 
which are simultaneously pregnant, and the evidence here 
presented all indicates that after full suckling ceases, whether by 
removal of the Utter or weaning matters not, the inhibition to 
implantation is withdrawn or overcome at a widely different rate 
in diflferent females. Therefore, even when the number suckled 
is the same, the sets of embryos show no constant rate of develop- 
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TABLES 

Data regarding the length of the gestation period in mice simultaneotuly pregnant 
and suckling young. The gestation period in non-suckling females averages 
twenty days 
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ment, nor, as a consequence, is the period of gestation a matter 
that can be figured out in advance, except with broad limitations 
(table 3). 

SUMMARY 

1. In mice simultaneously suckling and pregnant the removal 
of all but one of the suckling young at any time during the first 
six days after the birth of the suckling litter leads in some in- 
stances to implantation of the embryos as soon as they reach 
the utefus; in other instances the implantation is more or less 
delayed. These varying results can be correlated neither with 
the time of removal nor with the number of young taken away. 

2. In mice simultaneously suckling and pregnant the removal 
of all but one of the suckling yoimg at any time from seven to 
fourteen days after the birth of the suckling litter r^ularly re- 
sults in implantation being delayed, but the exact extent of this 
delay can be correlated neither with the exact time of removal 
nor with the number of young removed, although removal during 
the earlier part of the period in question does hasten implanta- 
tion as compared with the time required if the yoimg had con- 
tinued to suckle. 

3. The facts in the above paragraphs justify the statement 
that full activity of the mammary glands is the chief cause of 
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delayed implantation in the case of mice which are suckling yoimg, 
and also that this influence of the mammary glands is subject 
to marked individual variation. 

4. The suckling by pregnant female mice of the same number 
(four in this experiment) of yoimg will not necessarily lead to 
either synchronous development of embryos or the same length 
of gestation periods. The only explanation that can be offered 
at the present time for this lack of uniformity is the individual 
variation, noted in the preceding paragraph, of the inhibition 
from the mammary glands or in the strength of the coimteracting 
forces, probably due to metabolic idiosyncrasies. 
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DEMONSTRATION OF EPITHELIAL MOVEMENT BY 

THE USE OF VITAL STAINING, WITH OBSER- 

VATIONS ON PHAGOCYTOSIS IN THE 

CORNEAL EPITHELIUM 

SHINICHI MATSUMOTO 
Osborn Zoological Laboratory^ Yale University 

POUR FIGURES 

Though the cornea of the adult frog is thin and transparent 
Plough for the observance of epithelial movement, it is not an 
easy matt^* to note in detail every part of the process. For 
this reason certain vital stains were used in the present 
experiments. 

In the amphibians, vital staining can be produced either by 
introducing the dyes into water in which the animals swim, or 
by injection, though the latter procedure is not practicable in 
the case of corneal epithehmn, owing to its lack of blood-vessels 
The stained tissue may then be explanted. Another method is 
to add the dyestuflfs to the culture medium containing the un- 
stained tissue. 

Sev^al papers have appeared dealing with the different phases 
of this subject (Lewis and Lewis, '15; Russel, '14). 

For the purpose of the present wOTk it is necessary that the 
dyes should not have any deleterious effect upon the epithelial 
cells in order that they may remain capable of maintaining their 
normal activity. The staining must be produced easily and 
last for a considerable time. 

That the epithdium of amphibians (especially larvae) is 
tingeable by various dyestuffs without affecting the organism or 
tissue elements to any marked degree has been shown by various 
observers (Fischel, '01). Whether vital staining may be 
employed in order to demonstrate moving epithelium in the cul- 
ture is, howevCT, another question. 

37 
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A. METHODS OF VITAL STAINING 

1. Methods of staining by immersing the whole animal in water 

containing dyes 

a. Neutral red. Neutral red, which was first used by Ehrlich 
for vital staining, was considered as probably being the naost 
suitable for the present purpose, and this proved to be the case. 

In the majority of the experiments ''neutral red for vital 
staining (Ehrlich)'' was used, and the frogs were subjected to 
various concentrations of the dye for various lengths of time. 

The experiments may be divided into two groups. In the 
first the animals were subjected to a relatively concentrated 
(1 : 20,000) neutral red solution for a short time (one to five 
hours), and in the second they werv^ kept in a more dilute solu- 
tion (1: 100,000 to 1,000,000) for a much longer period (one-half 
to four days). The frog was then carefully washed in running 
water, the tissue removed and prepared in a manner similar to 
that used in previous experiments (Matsumoto, '18). Both 
modes of staining are adapted to the study of the movement 
of epithelium. 

Though the frog could be stained an intense red without doing 
it any apparent harm, still the dye proved to be more or less 
harmful to the cells. In fact, an earlier degeneration of the 
explanted tissue due to the injury of cells in such preparations 
was frequently seen. As it was desirable to stain the tissue in 
such a manner that the granules would be just evident enough 
for observation, weak solutions (such as 1 : 100,000 to 1 : 200,000; 
ten to twenty-four hours) were preferable. The use of the more 
rapid staining, at times, brought on the disadvantage of ha\nng 
the granules appear unevenly distributed. 

The arrangement of the neutral red granules shows a more or 
less marked difference in the several cell layers of the corneal 
ppitheUum. Observing from the upper (outer) surface of the 
corneal tissue in the culture, we see the following: 

1. The outennost layer (fig. 1, d) consists of flat polygonal 
cells with large nucleus and unstained fine refractive granules in 
the cytoplasm. These cells, which may be present all over the 
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original epithelial surface or may be absent here and there, do not 
usually exhibit neutral red granules and show no activity. 

2. The next layer (fig. 1, c), which is the uppermost layer in 
some preparations, consists of cells which contain in the cyto- 
plasm the most minute red granules, almost uniform in size. 
These appear in abundance after prolonged intense staining. 
The contour of the individual cells is hardly visible at first. 
In some instances, especially when the rapid method of staining 
was employed, larger granules appeared in the cells so abun- 
dantly that they almost filled the cell body, leaving only a clear 
round or oval space in the center, occupied by the nucleus. 

3. The basal cells (fig. 1, a), which are evidently smaller than 
those of the upper layers, exhibit, as a rule, distinct and much 
larger granules, not very uniform in size, and often more numer- 
ous on one side of the nucleus than on the other. 

4. Between the two latter layers frequently another layer of 
cells (fig. 1, 6) is visible. These are intermediate in size between 
the cells of the basal layer and those of the layer above, and as 
regards the arrangement of the colored granules show a resem- 
blance to the cells of the second layer. 

Furthermore, between the second and third layers there were 
found a number of deeply red stained bodies, round or irregular 
in shape, some of which showed a more deeply stained red spot 
(one of these is shown in fig. 1, a, and another in fig. 2, a). The 
origin of these bodies is unknown. 

When the culture is observed several hours or more after the 
preparation, the cells of the upper and basal layers are easily 
distinguishable according to the distribution of granules in their 
cytoplasm, and this becomes more marked as the tissue becomes 
more translucent. The individual granules were sometimes 
observed to coalesce gradually, changing in shape. 

When the tissue is intensely stained, the cells of the connective 
tissue and of the posterior endotheUum also show distinct gran- 
ules which are usually not so abundant and are more or less dis- 
tinguishable from those of the epithelium. The nucleus re- 
mains unstained throughout. 
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Cultivated in vitro, the corneal epithelium, when stained with 
neutral red, showed a condition entirely amilar to that seen in 
unstained preparations. The cells exhibited practically the same 
degree of activity, though at times they degenerated a little 
earlier than in the control preparation. 

By this method, the cell movOTient along the tissue, which took 
place, as a rule in the fluid or semifluid cultm-e medium, could 
be easily detected. That the spreading epitheUum was, as a rule, 
two and sometimes three layers thick, was clearly demonstrated 
(fig. 2, a), while in an unstained preparation it was rather hard 
to determine whether they were one or two cells in thickness. 

As the epithelium spread out and the individual cells became 
very flat and thin, a change in the arrangement of the granules 
took place. Then the granules of the basal cells, which were 
rather irregularly distributed at first, frequently assumed a cres- 
cent-shaped arrangement (fig. 2, a). If the staining was light, 
the tiniest red granules in the cells of the siuface layer became 
faint relatively ea^-Uer. As a rule, the hyalin processes of the 
cells on the border did not exhibit any red granules. In general, 
after all activity of cells ceased, the red granules faded out and 
fatty granules increased, whereas the nucleus remained imstained. 
The same was true of the isolated epitheUal cell. 

So far as our observations go, there was in general a direct 
relation between the cell activity and presence of neutral red 
granules, although of coiu^se the intensity or richness of the gran- 
ules-was not always parallel with the cell activity. 

b.^Some other dyes. In the corneal epitheUmn subjected to 
^Nile blue sulphate,' the granules were beautifully stained. This 
dye was found, however, to be injurious to the cells, and ev^i 
the solution 1 : 200,000 in most instances caused more or . less 
injury to the epitheUum, though not enough to interfere immedi- 
ately with the cell activity, since in many cases the cells contin- 
ued to move. Disintegration of cells took place earlier, and a 
preparation which showed intense granulation never Uved so long 
as the control culture (unstained or stained with neutral red). 
In addition to this, in the preparation subjected to the dye, fine 
violet crystals appeared in the cells or in the medium. Nile blue, 
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therefore, does not aeem to be a very favorable dye for the cor- 
neal epithelixim. 

Neither is 'methylene blue (rectif.)' suitable for the purpose, 
as it fades too easily. 

So far as our observations go, 'gentian violet' did not give a 
satisfactory result. Even the weakest solution, which stained 
the cells, caused their death. 

'Brilliant cresyl blue 2 b' and 'methyl green' did not stain the 
granules clearly, nor did 'indigo carmin,' 'toluidine blue,' or 
'litmus' give positive results. 

j?. Staining of the cornea by administration of dyes in the 
conjunctival sac 

Arnold ('00) demonstrated neutral red and methylene blue 
granules in the frog cornea by conjunctival administration of the 
dyes in the form of fine powder. In this way typical granules 
{^peared in the cells, often causing injury. No experiments of 
this kind are recorded in the present paper. 

S. Staining of excised cornea 

In some experiments the cornea was first excised from the 
animal and then stained. The tissue, after removal, was im- 
mersed in physiological saline solution containing neutral red, 
freshly prepared, so that the epithelium became intensely red, 
and could later be cultivated after thorough washing. The tech- 
nique is simple and is us^ul in some particular instances. Usu- 
ally, however, crystals appeared in the culture, when this method 
was employed. 

4. Staining by addition of dyes to the culture medium 

Both neutral red and Nile blue, freshly dissolved in salt solu- 
tion, were experimented with. They are easily soluble in pure 
water, but not so easily if the water contains any salt (NaCl). 
The appearance of crystals and the uneveness of the staining 
proved this method to be an imsatisfactory one. Staining of 
nucleus and gjiranules by the use of gentian violet failed. Methyl- 
ene blue stained granules, but it could not be employed for the 
purpose on hand. 
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B. PHAGOCYTIC PHENOMENON OF THE CORNEAL EPITHELIUM 

Though the experiments on this line have not yet been com- 
pleted, some interesting phenomena will be described here. 

It was noted in the course of this work, that not infrequently 
in the preparations of cornea, where the pigment of the iris or 
chorioidea was accidentally mixed with the epithelium, the cells 
of the latter, originally not pigmented, took up the pigment, be- 
coming gorged with it. This was easily demonstrable, but more 
markedly when the pigment of the eye was finely teased and put 
into the culture medium with the corneal epithelium. The cells 
of the moving border, especially, took up the dark pigment 
abundantly. 

^hat the melanin granules are really taken up in the cytoplasm 
of cells, was clearly demonstrated in the preparations which were 
first vitally stained with neutral red (fig. 3). That those pig- 
mented cells were not the originally pigmented epithelium of eye, 
accidentally mixed in the preparation, is beyond doubt. The 
epithelial cells were able to take also melanin which was previ- 
ously heated or boiled. 

The arrangement of the pigment granules in the cytoplasm 
was characteristic, resembling that of the neutral red granulations. 
The cells of the basal layer were often abundantly packed with 
the pigment, and those of upper layers were able to ingest it, too. 

If in the epitheUal cells which are originally not pigmented, 
abundant melanin is taken up, it is extremely difficult to distin- 
guish them from the original pigment cells. 

The possibility of epithelial phagocytosis has been considered 
by Riehl ('84) ; somewhat later, Rabl ('96) also took up the ques- 
tion and found that the epithelium of adult salamanders (S. 
maculosa) is able to take up carmin injected subcutaneously. In 
cultures of carcinoma and sarcoma, Lambert and Hanes ('11) 
demonstrated that carmin granules are taken up by the cells. 
Carrel and Burrows ('11) observed a similar phenomenon in cul- 
tures of sarcoma. 

The melanin problem represents one of the most interesting 
questions in dermatohistology and experimental dermatology 
and is a much discussed subject. I should not go, of course, so 
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far as to say that the so-called 'Einschleppimgstheorie' of melanin 
is generally accepted, though the fact stated above shows the 
possibility of its correctness. 

Though the observations here recorded have been made only 
upon cells in culture, still it may not be impossible that the same 
occurrence takes place in vivo under certain conditions. At any 
rate, the phagocytic action toward melanin of epithelium of the 
adult frog in culture is here definitely shown. 

Therefore, it is not quite safe, in the culture of pigmented epi- 
thehum, such as iris, to consider the pigment granules as the 
peculiar possession of that epithelium, bfecause the original non- 
pigmented epithelium can ingest pigment granules. The study 
of a complex and peculiar cell, such as the pigment cell, requires 
great care in the methods used and in conclusions drawn. 

Carmin, which was ground into fine powder, was also taken 
up into the cell bodies, which then showed beautiful carmin 
granulation. For this purpose the use of tissue, vitally stained 
with Nile blue, offered great advantage. 

The arrangement and distribution of the granules was entirely 
similar to that of the melanin; the particles were arranged with 
considerable uniformity around the periphery of the cytoplasm. 

As figure 4 shows, corneal epithelium, cultivated in plasma (or 
serum), containing both melanin and carmin, exhibits beautiful 
melanin and carmin granulations which can be preserved safely. 
Examination of such preparations in serial sections demon- 
strated the intracellular and perinuclear position of the granules. 
That they are in the cell bodies may be placed beyond doubt 
even by the careful observance of fresh preparation. Further- 
more, such preparations have the advantage of enabling the 
observer to watch how cells with ingested granules may become 
detached from the main mass and move off in the culture medium. 

Fine granules of Chinese ink or minute foreign bodies acci- 
dentally mixed in the culture were also taken up by the 
epithelium. 

In regard to this most interesting phenomenon of epithelial 
phagocytosis, our present knowledge is very deficient. A strict 
differentiation of the epithelial movement from that of leucocyte 
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may not be possible in the case of the tissues of the frog living 
in vitro. Not only in their movements, but also in the phago- 
cytic phenomena (with respect to f ormgn bodies) do they diow a 
certain degree of resemblanoe. 

The question of the said phenomena in the warm-blooded ani- 
mals, as well as their bearing upon bacteriology and serology, 
will be considered later. 

I wish to thank Prof. R. G. Harrison for the direction and 
support which he has given to this work. 

C. SUMMAKY 

The epithelium of the cornea of the frog which was vitally 
stained with neutral red and Nile blue exhibits characteristic 
granules in the cytoplasm. 

If properly stained, the granules exist through the entire 
period of cell activity, without practically aflfecting the cells, 
and facilitate the observance of cell movements. 

Phagocytic phenomena of the corneal epithelium with refer- 
ence to melanin, carmin, etc., are d^nitely demonstrated. 

The distribution and arrangement of melanin and carmin gran- 
ules, if finely powdered, show a certain degree of resemblance to 
that of neutral red and Nile blue. 
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PLATE 1 

EXPLANATION OP PI0TTRE8 

1 Experiment 202. C. 11. Neutral red granules in dififerent layers of the 
corneal epithelium (adult frog) cultivated in plasma, 12 hours old. a, Granules in 
the basal cells; 6, cells of a layer often recognizable between a and c; c, granules in 
the cells of upper layer; d, cells of the uppermost layer, which show no activity. 
X 450. 

2 Experiment 206. A. 3, showing neutral red granules in the moving epithelium, 
a, endothelium, 6, and below, those of connective-tissue cells; c; 24 hours old. 
Culture in plasma. Movement (from left to right) of the ameboid border of the 
epithelium, a, on the endothelial surface 6, is demonstrated. That the moving 
epithelial membrane consists at least of two layers of cells is readily confirmed by 
the types of granulation. Note the crescent-shaped arrangement of granules in 
the basal cells. On the right, 6, those of the endothelium are represented; the 
contours of the cells are not visible. Connective-tissue cells (c) , the contours of 
which are visible, show granules in their fine processes, too. As a rule, the 
hyaline processes of the epithelium do not show any granules (see also figs. 3 and 
4). The tissue was intensely stained (four days in the dye 1 : 200,000). X 250. 

3 Experiment 226. A. 2, showing phagocytic phenomenon of the corneal epi- 
thelium, which are previously stained with neutral red ; 24 hours old. Resemblance 
of arrangement of melanin granules to that of neutral red is noticeable, o. Drawn 
from a part of epithelium, moving on the endothelial surface of cornea; 6, epithe- 
lial cells of actively moving border. X 450. 

4 Experiment 236. 12. Phagocytosis of the epithelium to melanin and car- 
min; 18 hours old. Culture in autoplasma, in which fine powdered carmin and 
fresh melnin of iris were added. Drawn from a part of moving epithelial rim. 
X450. 



+() 



Digitized by 



Google 



VITAL STAINING OF CORNEAL EPITHELIUM PLATE 1 

SHINICHI ICATBDMOTO 



a 



a b 






■"'. T 








4 • '-^■,. 












'■"*^--H*>.- 



■T >.. 



•■■■•. •>. 












'"'■ ft 


t/ 



47 



Digitized by 



Google 



Digitized by 



Google 



▲UTHOBs' ABSTBAcr OF TBjB PAPiB iBouso Reprinted from TBs Joubnal of Ezpbbtmxntal 

BTTHB BiBUOOBAFHic SBBvicB, OCTOBBB 8 ZoOloot» Vol. 27, No. 2, November, 1V18 



THE REACTION OF SELACHII TO INJECTIONS OF 

VARIOUS NON-TOXIC SOLUTIONS AND 

SUSPENSIONS (INCLUDING VITAL 

DYES), AND TO EXCRETORY 

TOXINS 

E. R. HOSKINS AND M. M. HOSKINS 
New York University and Bellevue Hospital Medical College 

TWBNTY-flBVBN FIGUBES (SIX PLATES) 

CONTENTS 

Introduction 101 

Material and methods 103 

Experiments 104 

1. Non-toxic solutions 104 

2. Suspensions (vital dyes) 108 

3. Excretory toxins 115 

Discussion 124 

1. Digitiform gland 124 

2. Kidney 126 

3. Liver 131 

4. Spleen 133 

5. Spiral valve 134 

6. Stomach 135 

7. Gills 135 

8. Body wall 137 

9. Vascular system 137 

Summary and conclusions 138 

Literatured cited 141 

INTRODUCTION 

The present study grew out of an attempt to determine the 
function of the digitiform gland, the development of which has 
recently been described (Hoskins, '17). This gland is pecuUar 
to selachians, being foimd in no other group of animals, al- 
though in Chimaera, there is present in the wall of the posterior 
portion of the intestine a group of cells which may possibly 
correspond to it (Didselhorst, '04). 
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Nearly every reasonable function has been ascribed to the 
digitif orm gland, but usually from morphological or hypothetical 
rather than physiological evidence (Hoskins, '17). The gland 
is a compound tubular structure with a large central lumen or 
duct which empties into the intestine about half way between 
the spiral valve and the cloaca. It is suspended in the mesen- 
tery above the intestine. Cytologically, the gland is not unlike 
the kidney tubules, and this, together with the fact that its 
secretion is discharged into the intestine posterior to the region 
where digestion occurs, leads to the expectation that it has an 
excretory function. The fact that the gland appears to be the 
same in both sexes argues against the probability that it is 
accessory to the sexual apparatus. 

Another part of the work is a study of the fimction of the 
kidney (mesonephros) compared with that of mammals (meta- 
nephros). It is common knowledge that the former is a less 
efficient excretory organ than the latter, but the subject has 
never been completely studied experimentally. A study is 
made also of the excretory function of the liver, which is of 
considerable importance in selachians, on account of the ineffi- 
ciency of the Iddney. In selachians the liver undergoes fatty 
metamorphosis to such extent that nearly every cell appears 
filled with fat, yet the organ is able to excrete solutions and 
particles freely and in large amounts. 

Denis ('13) has shown that dogfish are able to withstand large 
doses of excretory toxins, but this author did not study the 
problem histologically. The question of vital staining is con- 
sidered here only incidentally and no attempt is made to describe 
completely the reaction of the dogfish to vital stains. These 
substances were used primarily as an aid to the study of the 
excretory function. 

Most of the experiments were performed at the Marine Bio- 
logical Laboratory at Woods' Hole, Massachusetts, in quarters 
provided us through the kindness of the Department of Zoology 
of Yale University and of Dr. Frank Lillie. The accompanjdng 
photomicrographs were made at the Osbom Zoological Labora- 
tory of Yale University. Two experiments were done at the 
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Aquarium in New York. We desire here to express our thanks 
to the Zoology Department of Yale University, to Dr. Lillie, 
and to Dr. C. H. Townsend, of the Aquarium. 

MATERIAL AND METHODS 

The animal used in most of the experiments is the dogfish 
Mustelus canis, which is fairly abimdant at Wood's Hole. In 
the two experiments performed at the New York Aquarium we 
used Acanthias. In all about seventy-five animals were made 
use of. These were of both sexes and of various sizes, but most 
of them were adult males. 

The study was divided into three phases; a) the reaction to 
non-toxic solutions; b) the reaction to suspended particles, and, 
c) the reaction to excretory toxins. The solutions used are 
indigo-carmine, potassium iodide, dextrose, sucrose, pheno- 
sulphonepthalein, and Weed's potassium ferrocyanide-iron am- 
monium citrate solution. The supensions are carmine, Congo 
red, neutral red, and trypan blue. The toxins are potassium 
chromate, tartaric acid, and uranium nitrate. All were pre- 
pared with sea-water, which is isotonic with the blood of dogfish. 
In preparing Weed's solution, sea-water, diluted one-third, was 
used. 

Injections were made either into the muscles of the tail and 
back or intravascularly. In the latter method the large vessels 
of the pectoral fins were used. A small wooden peg may be 
used for a hemostat and is very convenient as it can be easily 
removed for repeated injections. Intravascular injections may 
be made, also, directly into the sinuses of the head. 

A simple device for holding the animals during the experi- 
ment may be made from a board 4 inches wide and 2 feet long. 
A long hole is made near one end for the dorsal fins and a row 
of nails driven partly in along each side of the board. The ani- 
mal will be securely held on this if a cord is laced from the nails 
back and forth across its body. A tube of running water in- 
serted into the animaFs mouth will provide for respiration dur- 
ing an operation. The entire apparatus with the fish in normal 
position may be immersed in the aquarium if it is necessary that 
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the animal be kept immobilized. In collecting urine from an 
immersed animal the receptacle can be sealed tight and weighted 
to keep it under the water. A long glass tube leading into it 
will permit the air to excape as the urine accumulates. If a long 
rubber tube is used to connect the cannula with the collecting 
bottle the animal can even be permitted to swim about in the 
aquarium while the urine is being collected. Denis C12) also 
describes a good method for collecting urine. 

The duct of the digitiform gland enters the intestine at a 
peculiar angle, being completely bent on itself. In order to 
insert a cannula into the duct it is best to reach into the intes- 
tine with a pair of blimt forceps and turn the gut inside out 
through the cloaca. This straightens the duct and a cannula 
can then be introduced directly into it. No anaesthetic is 
required in operations as the animal will lie quietly in the ap- 
paratus described above and seems insensible to pain. Anti- 
septics were also foimd to be unnecessary in operations. 

EXPERIMENTS 

1. Solutions 

A, Indigo-carmine. 1. An adult male dogfish was injected 
intramuscularly with 6 cc. of 0.5 per cent indigo-carmine. This 
appeared in the urine in fifteen minutes. It did not appear in 
the stomach, spiral-valve or digitiform gland contents, at least 
in detectable quantities. The bile was bluer than normal. 

2. The experiment was repeated with a female, and similar 
results obtained. 

3. Two animals, a male and a female, each received 5 cc. of 
the above solution intravenously. It was recovered from the 
urine of each after eight minutes. 

4. A female was injected as in *3' and permitted to live five 
hours, at which time the urine was stiU dark blue in color. 

All five of the above-mentioned animals were autopsied at 
various times after injections, varying from a half-hour to five 
hours. All secretions examined gave the same reactions as in 
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'1.' Also in every case the anterior portion of the kidney and 
liver was of a light blue color. The posterior portion of the kid- 
ney was dark blue and a dissection of the liver showed the bile 
ducts to be colored blue rather than the usual green. The 
other organs of the body cavity were not distinctly blue in color. 
Glands were fixed in absolute alcohol, but the dye soon dis- 
appeared either by fading or going into solution. Sections were 
made and examined microscopically, but no blue granules were 
seen even though the gross specimens were blue. The dye was 
probably impure and hence dissolved out in the alcohol, as was 
foimd to be true in some cases by Heidenhain ('83) working with 
other animals. 

B. Potassium iodide. An adult male fish received 10 cc. of 
a 3 per cent solution of potassimn iodide intravenously. After 
three and a half hours tests were made with nitric acid and 
starch (Hawk, '16), and the iodide was foimd to be present in 
the urine in the gastric and intestinal fluids, the bile, and the 
secretion of the digitiform gland. 

C. Dextrose. An adult female fish received intravenously 
15 cc. of 25 per cent dextrose solution. At the end of one hour 
the urine was negative to Benedict's sugar test (Hawk,'16), 
but was positive after four hoiu*s and negative again after nine 
hours. At the latter time the bile gave a positive reaction, but 
the secretion of the digitiform gland reacted negatively. 

D. Sucrose. The animal received intravenously 15 cc. of 
30 per cent sucrose, and after six and one-half hoiu*s was autop- 
sied. The reaction to Benedict's test wm positive in the case 
of the urine, bile, and blood serum, but negative with the gastnc 
and spiral-valve cpntents. The digitiform gland secretion was 
not tested. 

E. Phenosulphonepthalein (Rowntree and Geraghty, '12). 
1. One and two-tenths cc. of this pthalein was injected intra- 
muscularly. It appeared in the urine in fourteen minutes. At 
autopsy it was not present in detectable amounts in the stom- 
ach, intestines, or digitiform gland. 

2. An animal received intravenously 1 cc. of pthalein. Au- 
topsy was performed after one hour. At this time the pthalein 
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was present in the urine, bile, and in the stomach and spiral- 
valve contents. The secretion of the digitiform gland and an 
extract of the spleen were negative. 

3. An adult fish received 1.4 cc. of pthalein. The urine was 
collected for five and a half hours and the bile in the gall-bladder 
was removed at the end of that time. The urine, bile, and 
1.4 cc. of pthalein in graduated cylinders were each diluted with 
water, acidified and all compared (Rowntree and Greraghty, *12). 
By this comparison it was shown that approximately one-ludf 
of the injected pthalein had been recovered, and of this, about 
one-fourth was in the mine and three-fourths in the bile. The 
bile pigments interfere slightly with the test. A trace of ptha- 
lein was found in the serum, digitiform gland secretion, and in 
the stomach and spiral-valve contents. That in the latter two 
may have come from excreted bile. 

4. An adult received 1 cc. of pthalein. A cannula was in- 
serted to collect the urine and the animal was then permitted 
to swim about in the aquariiun for foiu* and a half hours in 
order that the excretion might not in any way be interfered with 
by the mmatural position of the animal in the holding apparatus 
that was used in the first three experiments. In this specimen 
as in the others more pthalein was recovered in the bile than in 
the mine. Pthalein was also found in the spiral valve, but not 
in the stomach. 

F. Weed's solution (potassiiun ferrocyanide and iron ammo- 
niiun citrate, Weed, '12). 1. A young male (0.8 kg.) received 
intra muscularly 7.5 cc. of Weed's solution and was autopsied 
after four hoiu^. The mine and bile gave the Prussian-blue 
reaction with acid. The serum and the stomach and spiral- 
valve contents were negative to the test. 

2. A young animal (0.5 kg.) received intramuscularly 9 cc. 
of Weed's solution, followed after five hoiu*s by 9 cc., and after 
twenty-two hours by 8 cc. Twenty-five hours after the first 
injection the Prussian-blue reaction was obtained with the 
mine, bile, and serum. The liver turned blue on standing. 

3. A young female (0.5 kg.) received, as above, 10 cc. of the 
solution, followed by 5 cc. after four hoims, and 5 cc. after seven 
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hours. Autopsy was performed eight hours after the first injec- 
tion. The Prussian-blue reaction was obtained from the serum 
and urine, but not from the bile, or stomach and spiral-valve 
contents. Pieces of organs were fixed in 20 per cent formal- 
dehyde acidified to 1 per cent with hydrochloric acid. 

4. An adult (Acanthias) received four hourly injections of 6 
cc. each of Weed's solution, and was autopsied four and a half 
hours after the first dose. Organs were fixed in absolute alcohol 
acidified as above. 

6. An adult (Acanthias) received three injections of 9 cc. 
each of Weed's solution at hour intervals and was autopsied 
forty-five minutes after the last injection. Porty per cent for- 
maldehyde acidified to 1 per cent was used as a fixative. Mi- 
croscopic examinations were made of various organs from the 
animals, '3,' '4,' and '5' with the following results: 

a. Digitiform gland. In all the specimens examined there is a 
central, distinctly blue zone, the width of about one-half the 
radius of the gland as seen in transverse sections. Microscopi- 
cally, the blue granules are seen almost entirely within the 
blood-vessels, although a very few are foimd in the cells of the 
tubules, but none in the Imnen. The granules are present in the 
capillaries and central venous sinuses in greater concentration 
than in the vessels of any other organ. 

6. Kidney. The gross specimens are dark blue in color. 
Sections show many Prussian-blue granules in the blood-vessels 
and tubules. A very few only are present in the glomerular 
cavities. They are foimd in the cytoplasm of both the secretory 
and excretory tubules. Blue granules are foimd also in the con- 
nective tissue of the kidney. 

c. Liver. The gross specimens are all light blue in color. In 
a few hepatic cells blue granules are seen and they are present 
in greater number in the ducts. This indicates either that the 
solution passed directly into the ducts, as was thought to be the 
case of trypan blue in bony fishes O^^ocki, '17), or else that the 
solution passed through the epithelium quickly and out of the 
ducts more slowly, thus becoming concentrated in the ducts. 
In the liver of animal '3' the endotheliima and the leucocytes of 
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the hepatic sinuses have a deposit of blue granules on or in them. 
This condition is not seen in other organs of the same animal 
nor in the liver of other animals. 

d. Spleen. Blue granules are scattered throughout the spleen 
among, but not within the cells. 

e. Spiral-valve, stomach, gills, and muscle. All these have 
blue granules in the blood-vessels and scattered through the 
connective tissue, but none within any cells. In gross free- 
hand sections the epithelium of the stomach and spiral-valve 
appears white, in striking contrast with the dark blue connec- 
tive-tissue. 

;?. Suspensions 

A. Carmine. Powdered carmine was used for coarse granules, 
although some of it seems to go into solution in sea-water. It 
will not all settle out on standing, cannot be separated out with 
ordinary filter-paper, and will even pass through a celloidin 
membrane. After passing through celloidin no granules can be 
seen with the ordinary microscope. This may not be in true 
solution, but if not it is practically so. 

1. Filtered carmine after settling for several dayB was injected 
intravenously into an adult male dogfish. The animal received 
four daily doses of 12 cc. each and was autopsied eight hours 
after the last injection. Microscopic examination of the various 
organs failed to show the presence of any carmine granules, 
although the spleen appeared distinctly red after fixation. The 
granules were either too small and too much scattered to be 
seen or else the carmine was in solution and washed out in pre- 
paring the sections. The urine was not collected. 

2. Ten adult animals were injected intravenously each with 
10 cc. of a heavy suspension of powdered carmine in sea-water 
and autopsied after various periods as follows: IJ, 6 J, 21, 24, 
50, and 96 hours. This carmine was not filtered. Pieces of the 
various organs and tissues were fixed in formalin, sectioned in 
paraflSn, and stained with haematoxylin, or examined unstained. 

Urine was collected from several of the animals, but in only 
one specimen of it was any carmine foimd, and in that but one 
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granule. This sample of urine also contained a few blood cor- 
puscles and hence tite carmine probably entered with the blood. 
Microscopical examination, a. Digitiform gland. Carmine 
is present in the endothelium and leucocytes of the blood-vessels 
in this gland in all stages, but very Uttle in the first (1^ hours), 
and less in all the sections than in the endotheUum of the kid- 
ney, liver, spleen, and gills. In the 21-, 24-, and SQ-hour speci- 
mens there is an occasional carmine granule seen in the cyto- 
plasm of the tubules. These few granules may possibly have 
been dragged into the cells in the cutting of the sections and in 
any case are too few in number to be of any importance. None 
was seen in the lumen of the tubules. 

6. Kidney. In the first two stages there is considerable 
amoimt of free carmine in the . capillaries, much of it in large 
clumps filling the entire vessel, and a few leucocytes and endo- 
theUal cells contain carmine granules. 

In later stages (21 to 96 hou^) there is a gradual decrease in 
the amount of free carmine in the capillaries and there are no 
large masses of it present. There is a decreasing amount seen 
in the leucocytes and endothelium. A few sections have car- 
mine granules in the connective-tissue cells. In only three 
tubules of the himdreds of sections examined are carmine gran- 
ules to be seen in the cytoplasm. These few granules may have 
been carried in, in the preparation, and as in the digitiform gland 
are considered to be of no practical significance. Each of two 
tubules of one section contained a granule in the lumen, but 
one also finds blood corpuscles occasionally in the tubules and 
these carmine granules may have entered accidentally. 

c. Liver. Carmine granules are seen in all stages after the 
first, in the leucocytes and endothehal cells of the sinusoids, in 
the hepatic cells, and in the normal pigment accumulations, 
which are very abundant in the liver of the dogfish. 

Carmine was foimd in the bile in all stages after the first, as 
free granules, in cells resembling leucocytes and mixed with 
the normal pigment. 

rf. Spleen. Carmine is present in all the sections of spleen 
examined and in decreasing amounts in later stages (fig. 1). 



Digitized by 



Google 



110 E. R. HOSKIN8 AND M. H. HOSKINS 

In all stages carmine may be seen as granules free in the sinuses, 
and ingested by the endotheliiun of the sinuses and by splenic 
cells. The insert in figure 1 shows an endothelial cell that has 
extended a pseudopodial process and engulfed a very large 
granule. The figure also shows an endothelial cell filled with 
carmine and apparently about to be liberated as a free phago- 
cyte (macroph^e?). In many places the ingested carmine 
seems to be enclosed in vacuoles. 

There is a decided increase in the number of mitotic figures 
seen in the spleen b^inning with the 21-hour stage, indicating a 
leucocytosis. 

6. Spiral-valve and stomach. In these organs there is an 
occasional phagocyte in the capillaries that contains carmine. 
There is no carmine outside the, vessels. 

/. Gills. The large sinuses which are interposed between the 
branchial arterial arches and the capillaries in the filaments are 
lined with an endotheliiun whict is very phagocytic. This will 
be described in detail under 'Trypan blue.' In the earlier stages 
the gills were not examined, but sections of later stages (50 and 
96 hours) show the endothelial cells of the sinuses to be en- 
gorged with carmine granules. Many of these cells have also 
been 'budded oflf' and he in the channel as free phagocytes. 
This endotheUiun is doubtless one of the soiurces of circulating 
phagocytes in the dogsfish. 

Even the arterial arches are lined with phagocytic endotheUum 
especially along the side next to the sinuses. 

g. Heart. The IJ-hour stage shows a few cells of the endo- 
cardium that are phagocytic to carmine. The heart in other 
stages' was not examined. 

h. Blood. In all stages the blood contains free carmine and 
granules ingested by phagocytes. The niunber of free granules 
decreases in the later stages. 

B, Neubral red. Two series of experiments were conducted 
with neutral red and to some extent with different results. In 
1916 the sample of neutral red used seemed to form a true suspen- 
sion, as it could all be separated from the water with ordinary 
filter^paper. 
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1. An adult received intravenously 10 cc. of suspension of 
neutral red and was permitted to swim about in the aquariimx. 
At that time the animal was immobilized, received an addi- 
tional 18 cc. of the suspension, and its urine was collected for 
five hours without any of the neutral red appearing in it. Au- 
topsy showed the bile to be reddish brown. This turned orange 
with alkali and dark lilac with acid. Serum gave a similar 
reaction, but the gastric fluid was negative. The suspension 
was prepared by stirring neutral red in sea-water and allowing 
the mixture to settle. 

2. An adult was injected intravenously with 16 cc. of satu- 
rated neutral red suspension. The urine was collected for six 
hours and was at all times free of the dye. Autopsy showed 
neutral red in the bile in a considerable amoimt. 

3. A female received intravenously, 10 cc. of the neutral red 
suspension and the urine was collected for eight and a half 
hours without any of the dye appearing in it. As above, it was 
present in the bile. 

The two following experiments were carried out a year later 
than the former, with a diflFerent sample of neutral red. This 
could not all be removed by filtering and part of it even passed 
through a celloidin sac, so that it probably was partly in 
solution. 

4. Ten cc. of filtered neutral red in sea-water was injected 
intravenously into an adult fish. Four hours later, examination 
showed the dye to be in both the bile and urine, but not in the 
stomach or spiral-valve contents. 

5. Eight cc. of the dye in the above form was injected intra- 
venously into an adult dogfish. There was 24 cc. of bright red 
urine collected in twenty-four hours, and at autopsy 2.5 cc of 
reddish-brown bile was removed from the gall-bladder. The 
24 cc. of urine was diluted to 100 cc. with water and the 2.5 cc. 
of bile to 200 cc. Maximum redness was produced by neutral- 
izing, and the color of the two were then .of about the same 
intensity. Thus the total excretion of the dye by the liver was 
mote than eighty times as much as that excreted by the kidney. 
The total amoimt of dye removed by the liver was not collected 
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because some escaped with bile into the intestine. The neutral 
red in the urine appeared to be in solution when examined imder 
the microscope, whereas some, at least, of that in the bile was in 
granular form. Before the filtered neutral red was injected it 
appeared to have only very minute granules, smaller than those 
in the bile, so that in passing through the liver, granules must 
have collected together. Denis ('12) foimd the urine acid to 
litmus, but neutral red excreted in it retained its red color. 

C. Congo red. The Congo red used could easily be removed 
by filtration or settling and would not pass through a celloidin 
membrane. 

1. Two adult dogfish received intravenously each 5 cc. of a 
heavy suspension of Congo red in sea-water. After twelve 
hours the luine was still free from the dye, as was the stomach 
and spiral-valve contents. A considerable amount was present 
in the bile. 

2. A young fish (0.26 kg.) received doses of Congo red of 12 
cc. and 18 cc, respectively, on two successive days and was 
autopsied forty-eight hours after the first injection. The liver 
and spleen were stained deeply with the dye, but the other 
organs of the body cavity appeared practically normal in color, 
The gills were not examined. A large amoimt of the dye was 
present in the bile, a small amount in the spiral valve, and a 
trace in the stomach. The dye in the spiral valve entered with 
the bile probably entirely and that in the stomach probably was 
regurgitated from the spiral-valve. 

D, Trypan blue. Trypan blue was used primarily in studying 
the excretory function. Its action as a vital stain, although 
not exhaustively studied, will be considered also from the data 
we have, because the reaction in selachians seems to be in some 
ways diflferent from that in teleosts as described recently by 
Wislocki ('17). A brief review of our results with this dye has 
been published (Hoskins and Hoskins, '18). 

1. An adult male was injected intravenously with 9 cc. of a 
i per cent suspension of filtered trypan blue in sea-water. Four 
horn's later the animal received 6 cc. more. Fifteen hours later 
another injection of 6 cc. was made. Autopsy was performed 
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thirty hours after the first injection. The urine was examined 
several times and was free of dye imtil nearly the time of au- 
topsy, when a trace of the red portion (Wislocki, '17) was pres- 
ent. The bile contained a considerable amount of the whole 
dye. It was also recovered from the serum, but not from the 
stomach or spiral-valve contents. The liver and spleen were of 
a slightly darker blue color than the other organs, but all of the 
organs as well as the skin and peritoneum appeared slightly 
colored by the dye. 

Microscopical examinations were made of the digitifonn 
gland, kidney, liver, spleen, spiral valve, stomach, skin, and mus- 
culature. All of these retained their blue color after fixation as 
seen in gross specimens, but blue granules are foimd under the 
microscope, definitely, in only the endothelium of the liver and 
spleen. The stain in the other organs and tissues is either too 
diffuse to be seen microscopically or else was all free in the blood- 
vessels, and hence washed out in preparing the sections. 

2. A young fish (0.26 kg.) was given four daily intravenous 
injections of 3 cc. each of the above-mentioned trypan blue, 
and was autopsied five days after the first injection. The dye 
was found in considerable amoimt in the bile and serum and 
was also present in the spiral-valve, but not in the stomach 
contents. The liver and spleen were very dark blue in color as 
were the gills at the base of the filaments. The skin was dark 
blue before fixation, but light blue afterwards. The digitifonn 
gland, spiral valve, post valvular intestine, peritoneum, and 
fascia of the muscles were light blue in color, the stomach was 
still lighter, and the kidney, except the peritoneal covering and 
connective tissue, was practically normal in color. 

All these organs except the first three were of a lighter shade 
after fixation than before, owing doubtless to loss of blood which 
contained trypan blue. 

Microscopical examination, a. Digitifonn gland. Most of 
the dye is too diffuse to be located microscopically. A few 
leucocytes and endothelial cells of the capillaries of the paren- 
chyma and serosa contain blue granules and one cell of a tubule 
contains eight such granules in a vacuole, but the amount of 
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the dye detectable in this organ is too small to be of practical 
importance. 

b. Kidney. Microscopically, the dye can be seen in only a 
few leucocytes and endothelial cells of the capillaries. 

c. Liver. The liver contains most of the fixed trypan blue in 
the entire body. This organ is relatively large and in almost 
every cell in a large nmnber of sections examined there are from 
five to twenty blue granules of diflferent sizes (fig. 2). In places 
the granules appear to be in vacuoles. A rather large number of 
endothelial cells of the sinusoids likewise arc seen to contain the 
dye. In figiu-e 2 one such is seen nearly separated from the wall 
of the vessel and so full of stain that the nucleus is barely visible. 
In the liver of the dogfish there is a relatively large amount of 
normal pigment both in the sinusoids and in the parenchyma, 
collected into large masses. These black granules are often 
foimd in phagocytes. The large mass shown in a sinusoid in 
figure 2 is made up both of this black pigment and trypan blue 
granules. These black pigment masses may be foimd in the 
bile normally, and in the present experiment both black masses 
and masses of both blue and black granules were seen. There 
were foimd also in the bile many blue granules free and in es- 
caped cells which are present also in normal bile. All the 
granules shown in figure 2 in the hepatic and endothelial cells 
and in the leucocyte are trjrpan blue. The mass at x is mostly 
normal black pigment. 

d. Spleen. A free-hand section of the spleen showed the dye 
to be scattered imiformly through the tissue. The specimen 
was not examined microscopically, but nearly every cell must 
have ingested the dye. 

6. The spiral valve, stomach, postvalvular portion of the 
intestine, muscles, and skin were still Ught blue in color after 
being embedded in paraflSn, but under the microscope definite 
blue granules can be seen in only a few free phagocytes in the 
blood-vessels. A free-hand tangential section of the integument 
was cleared in oil, but the dye present was too diflfuse to be made 
out after clearing. The pigment in the melanophores was all 
black and the subcutaneous vessels were colorless. 
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/. Gills. The sinuses which intervene between the arterial 
arches and the capillaries in the filaments, as described in the 
experiments with carmine, are lined with endothelium very 
phagocytic to trypan blue. The dye is in greater concentration 
in these cells than in any others examined. In some sinuses 
(figs. 3 and 4) every cell is engorged with the dye. Even in the 
large artery (fig. 3) a few of the endothelial cells contain blue 
granules. In figure 4 the cells and nuclei have rounded. Many 
are nearly detached or are lying free in the sinus ready to move 
with the blood stream as circulating phagocytes. Some of the 
granules in the cells seem to^be contained in vacuoles, although 
the fact is not shown in the drawing. Most of the granules 
shown are trypan blue, but two cells marked 'a;' contain also 
some normal black pigment. In some cells the dye completely 
hides the nucleus. Practically all the sinuses examined are 
completely lined with cells filled with trypan blue, but a few 
sinuses are unstained. 

A few cells in the capillaries contain blue granules. The 
epithelium covering the filaments does not contain tiypan blue, 
although some investigators have suggested that the gills may 
excrete other substances besides gas. 

S. Excretory toxins 

A. Potassium chromate. 1. An adult dogfish received intra- 
muscularly 150 mg. per kg. body weight of potassium chromate 
in a 1 per cent solution. Autopsy was performed after thirty 
hours and when the animal was moribund. 

The kidneys and spiral valve were greatly congested, the 
latter containing a bloody fluid. Other organs appeared to be 
normal at autopsy. 

2. An adult received intramuscularly 75 mg. per kg. body 
weight of potassium chromate in 1 per cent solution. Autopsy 
was performed after twenty-four hours wtile the animal was 
still active. The amoimt of toxin injected was less than that 
which Denis ('14) foimd to be necessary to kill a dogfish. In 
this specimen all the organs appeared normal except the spiral 
valve and kidney, which were slightly congested. 
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3. Foiir adults were injected intravenously with 100 mg. 
per kg. body weight of potassium chromate in dilute solution, 
to study the eflfect of sudden intoxication. Every one of the 
foiu: died in a short time, varying from a few minutes to three 
hours, although they received much less toxin than is necessary to 
kill them if it were injected intramuscularly and slowly absorbed. 
In each of them at autopsy the blood was brown and 'granular* 
in appearance, showing that the erythrocytes had been destroyed 
and the haemoglobin oxidized by the chromate, which is a com- 
monly used oxidizing reagent. 

Microscopical examinaiion, a. Digitiform gland. This or- 
gan in animal '1' is severely congested (fig. 10), but there is 
no great increase in the relative number of leucocytes. The 
central venous sinuses are greatly distended with blood. At 
the periphery most of the tubules have imdergone vacuolar 
(hydropic) degeneration (figs. 11, 12, 13), which in some places 
is complete. Here the epithelial cells are cytolysed and the 
nuclei shnmken and darkly stained and in some cases are 
pyknotic. A few nuclei, on the other hand, are swollen and 
hypochromatic. 

The area of extreme degeneration is about one-twelfth as wide 
as the radius of the gland. In a narrow strip, internal to this 
area, there is a gradual transition to normal condition, the cells 
exhibiting varying degrees of cytolysis and pyknosis or karyol- 
ysis. Scattered through the remainder of the gland are indi- 
vidual tubules showing mild cellular degeneration. It should 
be noted that in normal animals a few cells occasionally are 
degenerate, probably from cell inanition, (a term applied by 
Jackson ('16) in a study of the thyroid). 

Cellular debris containing degenerated nuclei may be seen in 
some tubules and in the central lumen of the gland. 

The erythrocytes in the digitiform artery appear normal, but 
in the central sinuses all appear granular and some are com- 
pletely broken down. 

2. The digitiform gland in the second animal was not injured 
by the potassimn chromate. 
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b. Kidney. 1. The kidney in the first two animals is severely 
congested. Capillaries are dilated in the glomeruli and among 
the tubules. Erythrocytes show signs of degeneration. The 
glomeruli are not destroyed, but are probably somewhat injured. 
Many of their nuclei (fig. 6) are either hypochromatic or hyper- 
chromatic and an occasional vacuole is seen in the capsule. 

Two distinct types of degeneration are seen in the tubules of 
this specimen and a third type in the second animal. These two 
types we may call granular and hydropic (vacuolar), and of 
these, the former greatly predominates. 

The granular degenerative process occurs as follows: First Jbhe 
cytoplasm loses its network appearance (fig. 7) in which the 
granules are very small and brightly stained with eosin. The 
granules become dull and adjacent cell walls disappear and 
finally the cytoplasm breaks through into the lumen. At the 
same time the entire tubule may shrink in places and pull away 
from its connective-tissue capsule. The d^enerated mass of 
cytoplasm may spread and lose all shape (fig. 9). While these 
processes are occurring the nuclei are degenerating in the follow- 
ing manner. Most of them shrink, becoming hyperchromatic, 
and stain poorly. The chromatin may become merely a dull 
mass (fig. 8). The nuclei may shrink to nearly invisible size. 
In some tubules the nuclei degenerate diflferently. These grad- 
ually swell, becoming hypochromatic, and then undergo com- 
plete karyolysis. Both kinds may be seen in the same tubule. 

The hydropic type of cellular degeneration is that in which 
vacuoles appear in the cells which gradually undergo cytolysis. 
The cytoplasm at first imdergoes slight granular degeneration. 
In these cells the nuclei may imdergo either hyperchromatosis 
or karyolysis. There is relatively little hydropic degeneration 
present in the chromate nephritis and it will be described later. 

Destruction of epithelium is largely confined to the thick- 
walled secretory tubules of the posterior region of the kidney, 
where nearly every such tubule shows signs of degeneration. 

There is an increase in the number of leucocytes present 
in the degenerated areas. 

TBI JOUBNAL OF BXPIBIMmfTAL ZOOOLQT. VOL. 27, NO. 2 
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2. The kidney of the second animal was much less severely 
injured than in the first, as was to be expected since it received a 
smaller dose and was autopsied sooner 

The glomeruli are seen to be very slightly injured, as is evi- 
denced by their hyperchromatic and hypochromatic nuclei. A 
considerable number of secretory tubules show the beginning of 
either granular or hydropic degeneration. Animal '2' shows in 
20 per cent of the tubules in the posterior part of the kidney a 
third t3T)e of nephritis that may be called hyaline. It is not 
seen in the kidney of the first animal. In this type there is a 
gradual accumulation in the cells of droplets of abright homo- 
geneous substance which stains readily with eosin. In extreme 
cases the tubule is completely changed into a mere mass of these 
droplets. The nuclei may appear normal or hyperchromatic. 
The hyaline degeneration will be described later. 

6. Liver. There is no serious degeneration in the first animal 
and almost none at aU in the second. In the former a niunber 
of nuclei are hyperchromatic and in places the cytoplasm stains 
poorly. There is a slight congestion in both specimens. The 
ducts and gall-bladder are iminjured. 

d. Spleen. The spleen was examined microscopically in the 
first animal only. It is congested, the capillaries and sinuses 
being somewhat dilated. They contain erjrthrocytes which 
appear to be degenerated. In these the nuclei are darkly stained 
and the haemoglobin appears granular. Some erythrocytes are 
entirely broken down and are shown only as nuclei surrounded 
by a few granules. The splenic cells proper and endothelium 
are intact but some stain poorly. 

6. Spiral valve (figs. 14 and 16). The spiral valve shows sim- 
ilar changes in both animals, but the injury in the second is 
less severe than in the other. 

Both are greatly congested and oedematous. The surface 
epitheUum has completely desquamated in large patches, espe- 
cially where it is most exposed, on the folds of the mucosa (fig. 
16). The surface epithelium remaining stains poorly, appeamig 
dull, and the nuclei are either hypochromatic or hyperchromatic. 
A few cells are cytolysed. The epithehum in the bottom of the 
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crypts is nearly normal in appearance. The erythrocytes in the 
spiral valve of the first animal show considerable injury, but 
those in the second do not. 

/. Stomach. The stomach is not seriously injured in the first 
specimen and not at all in the second. In the former there is 
slight congestion, the surface epithelium contains a few hyper- 
chromatic and a few hypochromatic nuclei and the deepest 
glands show flight cytolysis in a few cells. 

g. Blood. As indicated above, severe injury to erythrocytes 
is done with potassium chromate. In some of the vessels of 
every organ examined there are degenerated red blood-cells, 
although in other vessels the cells are normal in appearance. 
The injury is greatest in congested areas where the flow of blood 
was interfered with. Intravenous injections of potassium chro- 
mate lakes the blood rather quickly. 

B. Tartaric add. An adult male received intramuscularly 
100 mg. per kg. body weight of tartaric acid and was autopsied 
after thirty hours when it was moribund. All of the oi^ans 
appeared normal except the spleen, which was pale. 

Microscopical examination, a. Digitiform gland. This or- 
gan is severely congested, but except for a very slight cji^olysis 
and hypochromatosis near the periphery there is evidently no 
injury to the tubules. 

b. Kidney. Nephritis in all r^ons of the kidney is very 
severe. Congestion is marked. The glomeruli are not particu- 
larly affected, but have hyperchromatic nuclei. In some trans- 
verse sections of the posterior part of the kidney fully 90 per cent 
of the secretory tubules and many of the excretory tubules show 
signs of degeneration, ranging from mild changes to complete 
destruction (fig. 17). 

All three types of nephritis are present, but the granular 
variety (fig. 19) predominates. Granular nephritis is much the 
same as that described in chromate nephritis (see figs. 8, 9, 18, 
19, and 20). The destruction in the case of the tartaric acid 
nephritis is more complete (fig. 20), and in addition there is 
present in the surroimding tissue a very considerable number of 
cells with large eosinophilic granules and nuclei of different 
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sizes. These granules stain more readily than the tubules. 
Some of these cells might possibly be degenerated erythrocytes, 
but most of them have nuclei resembling leucocytes and endo- 
thelial phagocytes. These cells were found only in this experi- 
ment. In places even the connective tissue and blood-vessels 
are injured. 

Hydropic degeneration is confined largely to the thinner- 
walled (collecting) tubules, as may be seen from a careful study 
of figure 17. In some of these tubules the cell outline is fairly 
distinct and the nucleus nearly normal in appearance, but every 
bit of cytoplasm has dissolved out. In other tubules the nuclei 
are shrunken and darkly stained and the cell's walls are indis- 
tinguishable. Only a few of the secretory tubules contain 
vacuoles. 

Hyaline degeneration is confined entirely to the secretory 
tubules. In this tjrpe the hyaline substance first appears in 
very small droplets near the nucleus. The small black dots in 
the cytoplasm in figure 17 are of this hyaline substance. The 
hyaline droplets gradually increase in size and niunber (fig. 21). 
They finally break through into the Imnen of the tubule. Diu*- 
ing the process the nuclei may shrink and become hyperchro- 
matic or swell and become hypochromatic, but they are not so 
severely injured as in granular degeneration. 

c. Liver. The liver is not greatly congested. The tubules 
contain more debris than usual and both hypochromatic and 
hyperchromatic nuclei are rather niunerous. In the sinuses are 
many cells with eosinophilic granules like those seen in the kid- 
ney, but in smaller munber. 

d. Spleen. The spleen itself is iminjured, but contains many 
of the eosinophilic cells noted above and also a considerable 
munber of degenerate erythrocytes and free nuclei. There are 
also a few peculiarly shaped nuclei which will be described 
below. 

e. Spiral valve. • The injury done to the spiral valve by the 
tartaric acid is about as extensive as in the case of potassimn 
chromate. Both karyorrhexis and pyknosis are shown in the 
epithelium. In the lamina propria of the mucosa there are 
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numerous eosinophilic leucocytes. In sections of the spiral 
valve stained together with sections of a normal spiral valve the 
chromatin in the epithelial cells of the former which appear 
otherwise nomaal in structure stains much less darkly with 
haematoxylin than does that of the normal tissue. 

g. Stomach. The stomach is in about the same condition as 
in the 'chromate' specimen. There are present in the blood- 
vessels and lamina propria numerous eosinophilic leucocytes. 

C. Uranium nitrate. 1. An adult received intramuscularly 
90 mg. per kg. body weight of uranium nitrate in 1 per cent solu- 
tion. It lived forty-four hours and was then autopsied at once. 
The spiral valve was greatly congested, but the other organs 
appeared normal. 

2. A male of 1 kg. received 100 mg. of uranium nitrate as 
above. Respiration ceased after two hours, but was restored by 
an hour of artificial respiration produced by inserting a tube of 
running water into the animal's mouth. The fish died after 
twenty-eight and a half hours and was immediately autopsied. 
The spiral valve contained bloody fluid and its mucosa was con- 
gested. A few small hemorrhages appeared in the kidney. 
No other abnormalities were noted. 

3. An adult of 1 kg. received intramuscularly 100 mg. of 
uranium nitrate. A cannula was inserted into the bile duct to 
prevent any toxin that naight be in the bile from reaching the 
spiral valve. After five hours the urine was tested and foimd to 
contain uranium nitrate. The next morning the animal received 
an additional 90 mg. of the toxin. At 8 p.m. it was still active, 
but died in the early morning, about forty hoxurs after the first 
injection. The body was not yet rigid at 8 a.m., so tissues 
were fixed for naicroscopical examination, as few postmortem 
changes had had time to occur. This was confirmed by the 
microscopical examination. The kidneys were congested, but 
other organs appeared normal. 

4. Eight dogfish of various sizes were injected with 100 mg. to 
200 mg. per kg. body weight, of uranium nitrate. A caimula 
was inserted into the bile duct to protect the spiral valve from 
toxin in the bile. The lurine was collected. Uranium nitrate 
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was found in the urine, but the color of the bile made it uncer- 
tain whether or not the toxin was present there. One animal 
receiving 200 mg. of the toxin in two equal daily doses survived 
for eighty hours, the others dying in shorter time. Two animals 
while still living were noticed to have a bloody discharge from 
the cloaca. Autopsy showed that in all the animals the spiral 
valve was greatly congested and its mucosa was injured. The 
stomach and the postvalvular portion of the intestine appeared 
to be iminjured. 

Microscopical examination. Sections of the various organs 
of the first three animals described above, were examined 
microscopically. 

a. Digitiform gland. In all specimens there is considerable 
congestion and slight cytoljrsis at the paiphery and scatt»ed 
through the gland, caused either directly by the toxin or by its 
interference with the blood supply, or from both causes. The 
injury was not very severe in any case. 

6. Kidney. The kidney in every case is greatly congested, 
especially in the posterior region. The glomeruli are not very 
seriously injured in these specimens, but in most of them the 
capillaries are dilated and the nuclei of the capsule are hyper- 
chromatic and shrunken. 

Injury to the tubules is confined largely to the secretory 
tubules of the posterior portion of the gland (figs. 22, 23, 24, 25). 
In the third animal the changes are most severe, due ritho* to 
the fact that it received more toxin than the first two animals, ot 
else to postmortem changes, or to both reasons. In the third 
animal nearly every tubule in the posterior region is degenerated 
and some have completely disappeared. All three t3T>e8 of 
degeneration are seen, but the granular type predominates. 
Both hyperchromatization and hypochromatization of the 
nuclei are evident. In the former the nucleus gradually shrinks 
imtil it finally disappears (fig. 23). In the latter the nucleus 
absorbs water and swells often to two or three times the original 
diameter, the chromatin gradually disappearing until the nucleus 
looks like a ring. In the third specimen almost every nucleus 
has changed from the normal oval to the spherical shape, and 
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most of them have suffered chromatin changes. The blood- 
vessels in the kidney of this animal contain a large amomit of 
debris. 

In the first animal there are present in the blood-vessels of 
the degenerated region of the kidney many nuclei of a very 
pecuUar shape (fig. 26). This may indicate an attempt at 
amitosis by phagocytes, probably in the spleen and gills. One 
cannot m^e out any cytoplasm, so that if a cell wall is present 
it is tightly adherent to the nucleus. On the whole, the kidney 
is less seriously injured in the uranium series than in the chro- 
mate or tartaric. However, the size of the dose of the toxin 
and the time element are probably the most important factors 
in the amoimt of injury produced. 

In the anterior region the tubules show no signs of degenera- 
tion in some sections, and very few in any. The congestion is 
mild as compared with that in the posterior region. A few 
tubules stain poorly and their cytoplasm is quite granular. 

e. Liver. The liver and gall-bladder are practically uninjured 
even in the third animal. In all sections a few nuclei of the 
hepatic cells and ducts are hjrperchromatic and shrunken, but 
not in more than 12 per cent at most. In the third animal 
(which received a large dose and which died before autopsy) 
the ducts contain considerable debris, and a few of their cells 
are very slightly cytolysed. 

d. Spleen. The spleen is congested in every specimen. The 
sinuses are dilated and contain granular debris, which probably 
has come in from the kidney. The endothelial cells of the 
siniises contain these granules and their nuclei are often swollen 
and hypochromatic. In the first animal (fig. 27) there are many 
peculiar-shaped nuclei which resemble those seen in the kidney* 
and gills. Some of these at least are endothelial in origin, as 
they can be seen in the cells lining the sinuses. They may 
represent abnormal amitosis. Many mitotic figures can be seen 
in the spleen of this animal, although they are fewer than when 
carmine was injected. The splenic cells proper are not par- 
ticularly abnormal in appearance, although a few have hypo- 
chromatic nuclei. 
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€. Spiral-valve. In the first two animalR in which the bile 
(presumably containing the toxin) was allowed to enter the gut, 
the spiral valve showed approximately the same amount of 
injury as in the chromate and tartaric experiments. In the 
third animal in which the bile was kept out of the intestine the 
injury is less extensive than in the others, although there is 
some congestion of the mucosa and desquamation of its surface 
epitheliimi. This was true also of other animals which were not 
examined microscopically, as stated above (4). 

/. Stomach. The stomach in the first two animals resembles 
that in the chromate experiments. In the third, the stomach is 
practically normal, and the very few alterations observed might 
be postmortem in origin, or the result of vascular injury which 
causes cell inanition. 

g. Postvalvular intestine. That portion of the intestine 
posterior to the spiral valve was examined mi<m>scopically in the 
second animal, and is entirely normal in appearance, although 
the spiral valve which empties into it is seriously injured. Its 
epithelium is stratified while that of the spiral valve is simple 
columnar. 

h. Gills. The gills of the first animal were examined and 
show some signs of injury. In the sinuses at the base of the 
filaments the endothelial cells have roimded as they do when 
granules are injected. Here are seen many peculiar nuclei 
(fig. 27) such as were seen in the spleen and kidney, some of 
which may be found protruding from the endothelium. The 
endothelial cells in places are full of dull granules which have 
come originally from the blood, or else are formed in the cells by 
degeneration. Many free cells are to be found in the sinuses, 
-indicating a proliferation of the endotheliiun. 

DISCUSSION 

1. Digitiform gland 

The digitiform gland reacted somewhat as an excretory organ, 
but it is not very efficient as such. In this it resembles the 
kidney. Its normal secretion collected from three adult dogfish 
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averaged only 0.26 cc. in six hours, or at the rate of 1 cc, a day. 
The excretion is alkaline to Utmus. It is clear, but contains 
bits of mucus. The amount of this excretion is not copious, but 
the entire amoimt produced by both kidneys is only a Uttle over 
20 cc. in twenty-four hours. Since the size of the digitiform 
gland is much less than one-twentieth of that of the kidneys, its 
excretion is relatively greater than the amoimt of urine given off. 
Crawford ('99) obtained urea from the digitiform gland and sug- 
gested the possibility of excretory function for this organ. 
Hyrtl ('68) regarded it as an accessory sex gland, and Blanchard 
('82) stated that it is potentially able to aid digestion because an 
extract of it splits starch and emulsifies fat. An extract is, how- 
ever, not the same thing as a secretion and hence Blanchard's 
conclusion may not be correct. It should be borne in mind that 
the product from the gland is discharged into the intestine just 
above the cloaca at a place where digestion has doubtless ceased. 
Morgera ('16) thought that the digitiform gland has an internal 
secretion which causes the intestines to contract, thus aiding in 
the passage of substances through the gut, because he found 
that passage of food through the intestine was checked by extir- 
pation of the gland and restored by the injection of an extract of 
it. One must consider that the interference with the passage of 
food in these experiments may have been but a temporary dis- 
turbance from the operation, that would have disappeared later. 
Also, as stated above a glandular extract is not the same thing 
as a normal secretion of the gland. 

Cushny ('17) believes that urine is excreted by glomeruli 
and not by the renal tubules. If the secretion of the digiti- 
form gland is a true excretion, then the renal tubules may also 
be able to excrete, in which case, Cushny's theory is incorrect. 

We were able to recover in the excretion from the digitiform 
gland after injection into the animal two solutions, namely, 
potassium iodide and pthalein, but not any of the others used* 
The other solutions if present were too dilute to be demon- 
strated. Weed's solution passed into the cells of the tubules, 
as shown microscopically, only in small amoimts, although it 
was present in the blood-vessels in relatively concentrated form. 
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Particulate matter is not taken into the tubules of the digiti- 
fonn gland, except for an occasional granule, even though the 
particles are very small. In this the gland resembles the kid- 
ney, so the failure to take in granules does not argue against 
possible excretory function. 

Excretory toxins caused congestion in all cases, but in only 
one animal receiving potassium chromate was the injury to the 
tubules very severe. Morgera ('16) obtained cytolysis of the 
tubules by cutting oflf the blood supply, and the congestion noted 
in our animals may account in this way for some of the d^en- 
eration noticed. One finds occasional cytolysed cells in the 
digitiform gland of normal animals. The question of cellular 
inanition must be considered in all experimental degeneration 
of tissues produced by administered toxins. The toxins we used 
certainly were injurious to erythrocjrtes, and this together with 
interference with blood supply in congested organs must deprive 
the cells of needed substances. However, we believe that a 
part of the injury seen was caused by the toxins which the 
gland was trying to excrete. 

2. Kidney 

The kidney (mesonephros) of the dogfish is of far less impor- 
tance to the animal than the kidney (metanephros) of mammals, 
as has been noted previously. Denis ('12) found that adults 
produce an average of only 21.7 cc. of urine a day, and in our 
experiments the greatest amoimt of urine obtained was 24 cc. 
in twenty four hours, from an animal weighing more than 1.5 
kg. The urea in the urine amounts to 0.6 to 1.4 per cent, or 
less than half the concentration of that in the blood (BagUoni, 
'06) and less than half that in mammalian urine. This differ- 
ence is made up partly at least by a considerable amoimt of urea 
excreted in the bile. The great concentration of urea in the 
blood seems to he necessary to preserve life, for Baglioni ('05) 
foimd that isotonic (3.5 per cent) salt solution without urea was 
unsatisfactory for perfusion experiments. This requirement 
does not accoimt for the small amoimt of urea exacted, as has 
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been argued, because, an equilibrium having been established, all 
urea formed would need to be eliminated. Hence if thei« is 
little urea excreted it is because relatively little is formed. The 
limited excretion of urea in the urine is dependent upon the 
metabolism, which must proceed at a slow rate in these forms, 
and also upon the amount of urea excreted in the bile. 

MacCallum, in the 1917 Herter Lectures in New York, stated 
that the selachians entered the sea when its salt concentration 
was less than it now is and that as the sea became concentrated 
the selachians retained more and more urea in the blood to 
keep it isotonic with the sea-water. 

We foimd that the dogfish kidney is able to excrete injected 
solutions quite as rapidly as the mammalian kidney and hence 
the inefficiency of the former is not one of rate of excretion, but 
of amoimt and of inability to eliminate certain kinds of sub- 
stance. Non-toxic solutions of all kinds when injected into the 
muscles of the body wall appeared in the urine in fourteen or 
fifteen minutes, and when injected intravenously appeared in 
the urine in about eight minutes. In this rate the dogfish com- 
pares favorably with mammals (Rowntree and Geraghty, '12). 
The dogfish kidney would probably eliminate all of an injected 
solution in time, if it were not for the fact that the liver quickly 
eliminates the larger part of it. The liver is many times larger 
than the kidneys and has taken over much of the excretory 
function. As noted above, when pheno-sulphonepthalein was 
injected, the liver excreted in a given time more than twice as 
much of it as did the kidneys, and in concentration many times 
greater. However, the difference in amount excreted by the 
two organs was less than the relative difference in size by which 
the liver surpasses the kidney. 

Colored solutions stained the posterior part of the kidney 
more intensely than the anterior end, thus demonstrating the 
fact that in the former the excretory function is better developed 
than in the anterior or sexual (Felix, '12) end. The anterior 
r^on is able to excrete some part of solutions injected, so it is 
not entirely devoid of excretory function, as some investigators 
have believed. This point should be studied further. The 



Digitized by 



Google 



128 £. R. HOSKINS AND M. M. HOSKINS 

ability of the urine to reduce copper sulphate after sucrose had 
been injected demonstrates that the selachians can invert this 
sugar as mammals do (Kuryama, '16). 

The dogfish kidney was not stained vitally by injected sus- 
pensions of various dyes, since they were not removed from the 
blood by the kidney, at least up to five days' time, even when 
administered in very considerable amounts. There was no 
difference in this respect between the reaction to very minute 
particles (trypan blue) or coarse granules (powdered carmine). 
One sample of neutral red passed through the kidney and one 
did not do so. The first probably formed a true solution. At- 
tention of investigators should be called to the fact that some 
differences they obtain in the use of vital dyes in experiments 
may well be due to differences in the manufacture of these 
substances. Colloidal dyes, if impure, may be soluble. 

The inability of the kidney of dogfish to remove particulate 
matter from the blood is another difference between this organ 
and the kidney of higher animals, as shown in the very numer- 
ous experiments of Chrzonszczewski ('64), Siebel ('86), Schmidt 
('91), MuscateUo ('96), Buxton and Torrey ('06), Suzuki ('12), 
H6ber ('14), Kiyono ('14), Evans-Schuleman ('14), Downey 
('17), and many others. 

In higher animals the renal epithelimn and sometimes the 
cavity of the glomerulus may be seen to contain particles that 
have been injected, but in the dogfish, if such matter is present 
in jthe kidney parenchyma or glomeruli, it is much too diffuse 
to be detected in our preparations. The only dye which really 
stained the kidneys in our animals was indigo-carmine, and 
this appeared to be in solution. Fresh kidney tissue was not 
examined microscopically in the trypan blue experiments, but 
it probably contained the pink substance that Wislocki noted 
in teleosts, as the urine was pink. 

The endothelimn of the renal capillaries in the dogfish is but 
poorly able to ingest particulate matter from the blood as com- 
pared with that of the renal portal vessels of teleosts, as described 
by Wislocki (' 17) . Wislocki found that this endothehum becomes 
blue from ingested dye after injections of trypan blue, while in our 
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animals up to five days only an occasional one of these cells 
was able to take in visible amounts of carmine or trypan blue. 
It is possible that after a greater length of time this endotheUum 
in dogfish would react as does that of teleosts toward trypan 
blue. . Wislocki also foimd a small amoimt of dye in the epithe- 
Umn of the kidney in teleosts. This he beUeved might have 
been resorbed from the urine. Previous investigators have 
agreed with him (Cushny, '17). He also implies that the 
endothelimn of the vessels in the kidney developed from the 
aorta is not able to take in and store trypan blue, but it is 
difficult in microscopical sections to distinguish the efferent 
glomerular vessels from renal-portal vessels. 

Wislocki suggests three possible functions of the renal-portal 
endotheUum in the kidney which he calls a mechanism. The 
first function is to prevent loss of colloidal metaboUtes, thus 
accoimting for the relatively low output of nitrogen in fish 
urine, but the real reason for this is probably in the slow rate of 
metabolism in fish and a large output of nitrogen in the bile. 
The second function Wislocki attributes to the renal-portal 
endothelium is to protect the animal from toxic substances, but 
in an animal not being experimented on, any toxic substances 
present would more likely be in solution than in suspension, and 
solutions pass freely through the kidney. The third function 
referred to is a resorption of substances from the urine, but the 
reaction to trypan blue does not prove any such function, as it 
has not been shown that in these experiments the endotheUum 
in question absorbed dye in this way. The possibiUty of such 
resorption of dyes has been considered previously, as noted 
above. All that Wislocki's experiments actually prove is that 
the endotheUmn of the renal vessels is phagocytic, but not very 
permeable, if permeable at aU, to particulate matter. 

The Uva* excretes particles freely, but whether such fimction 
failed to develop in the kidney because of this fact or whether 
the inabiUty of the kidney to excrete particulate matter forced 
the Uver to develop the fimction cannot be determined. Nor- 
mally, particles in the circulation which are to be eliminated are 
mostly bile pigments which of coxirse need not go into the urine. 
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The effects of excretory toxins on the kidney in dogfish are 
somewhat the same as in mammals, as described by Ophuls 
C08, '11), Schlayer-Takayasu ('09), Suzuki ('12), Pohl ('12), 
Dickson ('12), Christian-O'Hare ('13), UnderhiU-Blatherwick 
('14), Potter-BeU ('15), Tribe-Hopkins-Barcroft (16), and 
various others who administered potassiima chromate, tartaric 
acid, and uranimn nitrate. Denis ('13) noted that dogfish can 
withstand many times as much potassium chromate and ura- 
niima nitrate as will kill a mammal, and we can add tartaric 
acid to the list. One of our fish which received 200 mg. per kg. 
body weight of uraniimi nitrate lived for eighty hours. In 
extreme cases the dogfish kidney shows nearly complete destruc- 
tion of the tubules by these poisons. The blood-vessels usually 
are not noticeably tajured, but severe congestion occxirs. The 
glomeruli, as in mammals, are injured only slightly when at all. 
Three distinct types of d^enerative processes in the tubules are 
produced by all three of the toxins used. The dej>osit of hyaline 
substance in renal tubules in mammals after injection of tartaric 
acid was noted by Underhill-Blatherwick, and Christian-O'Hare 
found it in blood-vessels after uranium poisoning. Granular 
degeneration is probably a constant type in all such experi- 
ments, and hydropic degeneration usually but not always occurs 
with it. In our specimens there is some vacuolization in the 
cells showing the former type of d^eneration, but some cells 
imdergo cytolysis without first passing through granular change. 
The reason for these three different lands of degeneration is not 
apparent. All three tjrpes were present in the same animal in 
some of the experiments and often two could be seen in a single 
tubule. They are not simply different steps in one and the same 
process as a study of the accompanying figures easily shows. 
In the hyaline tjrpe a definite new substance is formed. There 
are two distract tjrpes of nuclear degeneration in our experi- 
ments with nephritis and they are exactly opposite in nature. 
In one tjrpe the nucleus absorbs water, swells to two or three 
times its normal size, and the nuclear substances gradually go 
into solution, while in the other type the nucleus beccxnes opaque 
and shrinks imtil it completely disappears. This shrinkage is 



Digitized by 



Google 



REACTION OP SELACHII TO INJECTIONS 131 

gradual at times and the nucleus retains a regular outline, but 
in other cases the loss of karyoplasm is sudden and the nuclear 
membrane collapses and is then irregular. Both types of nu- 
clear degeneration are found in all the specimens examined and 
both may occur in the same tubule. 

The cellular changes which one observes in nephritis are 
doubtless due to cellular inanition as well as to poisoning of the 
cells. Jackson ('16) has described some of these changes in the 
thyroid of starved rats. Congestion of the organs and injury 
or destruction of erythrocytes interferes with the general metab- 
olism of the cells, thus bringing about inanition changes. 

Differences in the process of degeneration in different cells 
and nuclei in nephritic kidneys may be influenced by their 
sudden or their slow death. 

S. Liver 

The Uver of selachians and probably of other fish is a very 
important excretory organ, although Pillet ('90) stated that its 
biliary function is not well developed. Denis ('13) stated that 
the liver of dogfish apparently has an excretory function, but 
did not give any reasons for the belief. The hver, like the other 
organs of selachii contains a large amoimt of urea (Staedler- 
Frerichs, '68). v. Schroeder ('90) stated that this amounts to 
1.36 per cent of the entire liver substance. Heidenhain ('83) 
found urea in the bile of selachians, Hammersten ('97) stated 
that it occurs there in large amounts, and Van Slyke- White 
('11) determined the concentration of urea in the bile to be 1.7 
per cent. This is greater than that in the urine (Baglioni, '06), 
and more than half as great as that in the blood (2.6 per cent, 
V. Schroeder, '90). 

All the non-toxic solutions we injected were recovered in the 
bile. A quantitative determination of the relative amount of an 
injected solution (pthalein) excreted by the liver showed that 
there was present in the gall-bladder five and a half hours after 
injection three times as much pthalein as had been excreted in 
the urine. Some pthalein had escaped with bile into the intes- 
tine and some was still present in the bile ducts. In mammato 
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the kidneys normally excrete nearly all of such injected pthalein 
in four hours and very little appears in the bile at all (Rown- 
tree and Geraghty, '12). In mammals with tartrate nephritis, 
or with their renal veins ligated, injected pthalein is excreted by 
the liver (Underhill-Blatherwick, '14). 

AU of the injected granular dyes appeared in the bile in con- 
siderable concentration, and were not excreted by any organ 
other than the liver, so far as determined. Siebel ('86) beUeved 
that frogs and dogs receiving' injections of carmine excreted 
such particles through the liver, lungs, and tonsils, and Kiyono 
('14) and numerous other investigators have found that mam- 
mals excrete lithimn carmine through the kidney. 

In oiu* experiments one- sample of neutral red appeared after 
injection in both the mine and bile, but its concentration in the 
latter was more than eighty times as great as in the former. It 
is believed that some of this neutral red was in solution and that 
it was this part which passed through the kidney. The liver was 
able to excrete the dye both in the dissolved and in the granular 
form. Another sample of neutral red was excreted only in the 
bile. 

Trypan blue after injection into dogfish collects in the hepatic 
parenchjmia and the cells lining the sinusoids. Wislocki ('17) 
noted this also. It is excreted freely into the bile. In bony 
fishes Wislocki found that trjrpan blue entered the bile, but 
was not stored in the liver cells. He thought that it diffused 
directly into the bile ducts from the blood-vessels but more 
probably it passed through the liver cells too diffusely to be 
seen under the microscope. 

In the dogfish there is present normally in the Hver and bile 
a very large amount of bile pigment (Pillet, '90) and after injec- 
tion of trypan blue some of the masses of pigment seen in sec- 
tions of the liver contain both trypan blue granules and normal 
pigment mixed together. These masses of mixed pigment may 
be seen in the bile also, thus showing that the excretion of par- 
ticulate matter by the liver is a normal function and is not due 
merely to experimental conditions. Experimenters are often 
inclined to overlook the fact that results they obtain do not 
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necessarily portray normal functions, because their experiments 
place their animals imder abnormal conditions. 

Excretory toxins usually caused congestion of the liver, but 
not serious injury to the parenchyma. We did not prove abso- 
lutely that the toxins passed through the liver into the bile, but 
we believe that they did so because all the other solutions and 
suspensions were recovered in the bile, and because the liver 
itself was injured by the toxins. Tests were made for uranium 
nitrate, but the green color of the bile prevented our determining 
whether the injected toxin was present or not. Injury to the 
liver was indicated by relatively few hyperchromatic shrunken 
nuclei and an increased amount of granular debris in the bile 
ducts. In none of the sections examined did more than 12 per 
cent of the nuclei appear injured. If the liver is able to elimi- 
nate excretory toxins, as it probably does, and without serious 
injury to itself, we must agree with Denis ('13) that this helps 
explain why dogfish are able to withstand large doses of such 
poisons. 

4. Spleen 

The spleen in the experiments with Weed's solution was seen 
to be impregnated with Prussian blue granules. This indicates 
that the vessels open directly into the pulp or else that the endo- 
thelium is very permeable to solutions because relatively more 
Prussian blue was foimd in this organ than in other non-excre- 
tory organs. The spleen of the dogfish seems to be very well 
adapted for phagocytic activity, although Wislocki ('17) believes 
that such is not the case in bony fishes. 

Injected granules of dyes are taken up very quickly by the 
spleen which thus becomes deeply stained. In this respect it is 
equaled only by the liver. Injection of particulate matter was 
followed by a leucocytosis, and the number of mitotic figures 
seen in such cases is greatly increased. 

Toxins caused congestion in the spleen in most specimens. 
In one uranium nitrate experiment there were present in the 
spleen a very large number of peculiar-shaped nuclei. These 
are found only occasionally in the other specimens. They 
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probably indicate an abnormal attempt at leucocytosis by 
amitotic division. 

Other masses of lymphoid tissue were not examined, but they 
probably are phagocytic to dye granules. 

6. Spiral valve and postvalvular intestine 

Denis ('13) mentions the possibility of an excretory function 
possessed by the intestine of dogfish. Several of the solutions 
and dyes which we injected were foimd later in the spiral valve. 
However, these entered the intestine partly if not entirely in 
the bile. With Weed's solution Prussian blue was not deposited 
in the epithelium nor were any granules of injected dye foimd in 
it. Potassium iodide was obtained in the spiral valve after ni- 
jection, but this will go through almost any gland and is not a 
specific test. Indigo-carmine did not stain the epithelium, nor 
could it be detected in the contents of the spiral valve. Experi- 
ments in which solutions of various kinds, including dyes, are 
injected, should be performed with dogfish in which bile is pre- 
vented from entering the intestine. We hope to do this at a 
later date. The toxins injected caused severe injury to the 
spiral valve whether the bile was pennitted to enter the intes- 
tine or not. In every case there was severe congestion and 
destruction of a considerable amoimt of the epitheliimi. The 
capillaries in the mucosa ruptured producing hemorrhage into 
the intestine. These vessels were injured probably more that 
those in any other organ, although there was some vascular 
injury in the kidney. The spiral-valve contents were tested for 
the toxins that had been injected, but even with small amounts 
of blood and bile present the tests were not sufficient to deter- 
mine the presence of the toxins. Probably more delicate tests 
would be successful. Our not finding some of the injected solu- 
tions in the spiral-valve contents also was due possibly to tests 
not sufficiently delicate. While the injury of the spiral valve by 
excretory toxins does not absolutely prove that this organ has 
normally an excretory fimction, it tends to support the theory. 
The fact that intestine posterior to the spiral valve was not 
injured at all by the injected poisons adds evidence in favor of 
tins theory. 
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6. Stomach 

A few solutions and one granular dye were recovered in the 
stomach, but the possibiUty of regurgitated bile was not elimi- 
nated as should have been done. Weed's Prussian blue was 
not deposited in the epithehum of the stomach nor were any of 
the injected dyes. The excretory toxins caused slight conges- 
tion of the stomach in some cases and in a few specimens the 
surface epitheliimi stained poorly. A small amoimt of cytolysis 
was present in some cases, but the sUght damage noted in the 
stomach might have been done by toxin regurgitated from the 
intestine or by cell inanition resulting from vascular injury. 
Regurgitation is often observed. 

Cecil-Weil ('17) foimd that after injection of Congo-red into 
patients with gastric ulcers it could be recovered in the stomach 
contents, but they admitted the fact that it is excreted in the 
bile and they did not eliminate the possibility of regurgitation 
of bile into the stomach. The stomach in selachians appar- 
ently is able to excrete only a few injected solutions, and is 
probably not normally an excretory organ of any importance, 
if it has this fimction at all. 

7. Gills 

In the experiments with non-toxic solutions the gills were 
examined in only those animals receiving Weed's solution. In 
these specimens Prussian blue was f oirnd in the blood-vessels 
of course, but there was none in the epithehum covering the 
gills nor in the connective tissue. This argues against the 
theory that the gills can excrete solutions. Since the gills are 
bathed by the isotonic sea-water, it would seem natural that 
solutions might diffuse into it from the branchial vessels, but we 
have no evidence that this occurs. 

Granular dyes are ingested freely by the endothehimi which 
line^ the sinuses that are interposed between the arterial arches 
and the capillaries in the gill filaments. It is also ingested by 
the endothelium of the branchial arteries. In fact, in these 
cells of the gill sinuses the phagocytic fimction seems to be 
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more highly developed than in any other cells in the entire 
body. They are described in a previous section (see 'Experi- 
ments'). These cells lining the sinuses are one of the sources 
of free phagocytes which circulate through the body. Wislocki 
('17) does not mention these cells in his discussion of endo- 
thelial phagocytes in fishes. He states that in no endothelium 
in fishes has trypan blue been seen except in the lymphatics, 
renal- and hepatic-portal vessels, and splenic sinuses. He appar- 
ently would use trypan blue to distinguish between blood-vas- 
cular endothelium (other than 'specialized' endothelium of the 
kidney, spleen, aud liver) aud lymphatic endothelium. He also 
would use trypan blue to solve the problem of the origin of 
lymphatics in fishes. We do not believe that trypan blue or 
other particulate substances can be used in this way. It is 
highly probable that more extensive research would disclose the 
fact that the endothelium in various blood-vessels, both arterial 
and venous, in different parts of the fish's body, is able to ingest 
trypan blue. The rate at which the dye moves through the 
vessels is probably one of the most important factors in this, as is 
believed by Downey ('17). This could be tested by decreasing 
the rate of blood flow in different vessels with Ugatures or other 
means. Downey ('17) stopped the blood flow completely and 
foimd that the leucocytes could then ingest dye granules. In an 
attempt to distinguish between lymphatic and blood-vascular 
endothelimn from the ingestion of trypan blue, one should not 
set aside all blood-vascular endothelium that is phagocytic to 
the dye as 'specialized endothelium.' 

Cells in general react toward trypan blue as they do toward 
other small particles in the circulatioi^ and it is not to be used 
as a specific ciu'e-all for oiu* angiological troubles. Arey ('17) 
and Downey ('17) have pointed out several ways in which the 
use of trypan blue has been overdone. 

In our experiments the sinuses in the gills were affected by 
toxins in somewhat the same way as those in the spleen. There 
was a proliferation of the endothelium to produce free phago- 
cytes. Some of these cells stain poorly and in some the cyto- 
plasm is coarsely granular. There are present in one specimen 
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poisoned with uranium nitrate, peculiarly shaped nuclei like 
those found in the spleen which probably indicate an abnormal 
amitosis. 

8. Body wall {muscles, skin, and peritoneum) 

In these tissues dyes were recovered only in the blood-vessels 
and coimective tissue where an occasional phagocyte is seen. 
These tissues were not injured by the toxins so far as could be 
determined. 

9. Vascular system 

This system has already been discussed in part. Leucocytes 
and fixed phagocytes of endothelial and tissue origin were seen 
to contain trypan blue and carmine granules. Carmine was 
foimd ingested by endothelial cells lining the heart. Fixed 
phagocjrtes in the spleen, kidney, and gills apparently are injured 
by circulating toxins. Phagocytes containing carmine were foimd 
in the circulating blood within two hours after injection of the dye. 

The blood-vessels of all the organs examined were congested 
by the excretory toxins injected, the most severe congestion 
occurring in the digitiform gland, kidney, and spiral valve. 
All three toxins — ^potassium chromate, tartaric acid, and uranium 
nitrate — caused injury to the erythrocytes, and when potassium 
chromate was injected directly into the blood-vessels these cells 
were destroyed, sometimes in a few minutes. Ophuls ('11) 
stated, in his paper on potassium chromate nephritis in mam- 
mals, that the cause of death in such experiments is not due to 
the injiu-y to the kidney. It is probable that death is due to 
injury to the blood corpuscles, especially the erythrocytes. In 
all our sections of tissues, from animals that had rec^ved injec- 
tions of excretory toxins, degenerated erythrocytes can be seen. 
When we injected potassium chromate intravascularly, the blood 
was laked and the hemoglobin oxidized, as shown by the 'gran- 
ular' appearance and brown color of the blood at autopsy. 
Lymphatics were not stained by trypan blue or carmine to any 
noticeable extent up to the end of five dkys' time, although 
they might take up these dyes if more time were allowed. 
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SUMMARY AND CONCLUSIONS 
1. Digitiform gland 

The digitiform gland of Mustelus excretes about 1 cc. a day 
of clear alkaline fluid containing urea. Certain injected solu- 
tions, but no suspensions, were recovered in this excretion. 
Injections of excretory toxins injure this gland, 

2. Kidney (mesonephroa) 

The selachian kidney is a less efficient excretory organ than 
the maniTnalian kidney (noietanephros). The daily urine out- 
put amounts to about 18 cc, per kg. body weight, with a urea 
content of about 1 per cent (BagUoni, '06). The dogfish kidney 
excretes injected solutions as rapidly as the mammalian kidney, 
but only in small amoimts, the solutions appearing in the urine 
in eight minutes after intravenous injection and in fourteen 
minutes after intramuscular injection. The dogfish kidney 
does not excrete injected particulate matter and the tubules 
are not noticeably stained by insoluble vital dyes, at least in 
five days. Large amoimts of renal toxins (potassiimi chromate, 
tartaric acid, and uraniima nitrate) are withstood by the dogfish 
for long periods. These toxins produce nephritis in which three 
different types of degeneration occur. These are hyaline, gran- 
ular, and hydropic degeneration of the cytoplasm, especially of 
the excretory tubules. The nuclei are destroyed after either 
hyperchromatosis or hypochromatosis. Some of these cellular 
changes are due to inanition. The blood-vessels in the glomeruli 
and among the tubules are not seriously affected except after 
severe necrosis. The capsules of the glomeruli are only slightly 
injured. 

5. Ldver 

The liver in dogfish is relatively a very efficient excretory 
organ. The bile contains 1.7 per cent of lu-ea (Van Slyke- 
White, '11). The liver eliminates injected solutions and sus- 
pensions readily and in great concentration. In a given time 
the liver excretes injected solutions in several times the amoxmt 
excreted by the kidney. The liver is the only organ in the 
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body definitely proven in our experiments as able to excrete 
particulate matter. It is stained deeply by such substances. 
The liver contains a great deal of normal pigment which is 
excreted in the bile in the same way that injected pigments are 
excreted, thus demonstrating that the latter act is a normal 
process. 

Excretory toxins are probably excreted by the liver and they 
cause very little injury to this organ. When the kidneys were 
ahnost entirely destroyed, the liver showed slight injury to 
about 12 per cent of the nuclei, which were hyperchromatic 
and sUghtly shrunken, and in the bile ducts there was more 
than the usual amount of granular substance, probably degen- 
erated cytoplasm. The vessels of the liver are discussed below. 

4> Spleen 

The spleen is very well adapted for phagocytic activity, and is 
stained deeply by injected insoluble dyes. Injected particles 
produce leucocytosis. Toxins cause congestion in the spleen, 
the endothelium appears to be injured, very peculiarly shaped nu- 
clei may be produced, and many nuclei become hypochromatic. 

6. Spiral valve 

The spiral valve has previously been considered to possess 
excretory function and may have such function for certain 
dissolved substances, but not all solutions we injected could be 
recovered in the intestine and none of the dyes were taken up by 
the epitheUum. Excretory toxins pass through this epithelium 
and destroy it, although they do not injure the intestine imme- 
diately anterior or posterior to the spiral valve. We believe with 
Denis ('13) that the spiral valve has some excretory function. 

6. Stomach 

A few injected solutions were recovered from the stomach, 
but we do not beheve that this organ has an excretory function. 
Excretory toxms do not injure it directly and vital dyes do not 
stain its epitheUimi. 
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7. GiUs 

The endothelium lining the arterial arches and especially the 
large sinuses in the gills is very phagocytic to injected trs^pan 
blue and coarsely powdered carmine. It stores such substances 
in concentration greater than that in any other cells examined, 
and at the same time it proliferates and produces free phago- 
cytes which circulate through the body. Such proliferation and 
an abnormal amitosis occur after injection of excretory toxins, 
which also seem to produce degeneration of these cells. There 
is no indication that the gills are able to excrete solutions or 
particulate matter into the water surroimding them. They are 
probably a normal source of phagocytes for the circulation. 

8. Body wall 

The muscles, skin, and peritoneum had in general a negative 
reaction to non-toxic solutions, vital dyes, and toxins. 

9. Vascular system 

The blood-vascular system reacted negatively to non-toxic 
solutions so far as determined, except that sucrose in the blood 
was inverted. Trs^pan blue and carmine were foimd in occa- 
sional leucocytes and endothelial cells in the blood-vessels of the 
kidney, digitiform gland, spiral valve, stomach, and body wall. 
Endothelium lining the branchial and splenic smuses and hepatic 
sinusoids is very phagocytic toward trypan blue and carmine. 
The arterial arches of the gills are lined with endotheUmn phago- 
cytic to trypan blue. 

The lymphatics were not noticeably stained with vital dyes 
up to five days, but the subject needs further study. 

Excretory toxins cause slight injury to the fixed endothelial 
phagocytes, especially in the spleen and gills. They cause con- 
gestion in all the organs especially in the kidney, digitiform 
gland, and spiral valve. If injected intramuscularly they cause 
slow degeneration of the erythrocytes, and if injected intra- 
venously, sudden destruction of these cells. This destruction is 
probably the cause of death in some cases of experimental 
nephritis studied by other investigators. 
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PLATE I 

EXPLANATION OF FIOUBES 
VITAL DTB8 

1 Spleen four days after injection of coarse carmine granules. The black 
bodies are carmine. Insert shows an endothelial cell with a pseudopodial proc- 
ess full of carmine. 

2. Liver five dajrs after injection of trypan blue. Black bodies are trjrpan 
blue except in the cell at x which contains both trypan blue and normal black 
pigment. 

3 to 5 Gill five days after injection of trypan blue. Figure 3 shows arterial 
arch and sinuses at the base of the filaments lined with endotheliimi which has 
ingested trypan blue, and containing free phagocytes filled with the dye; figure 4 
shows normal endothelium from a sinus, and figure 5 shows two sinuses from 
figure 3, showing the reaction to the injected dye. The phagocyte at x contains 
both blue and black granules. 
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PLATE 2 

EXPLANATION OF FIGURES 
KIDNEY. POTASSIUM CHROMATE 

6 Normal excretory tubule. 

7 Glomerulus and collecting tubule after poisoning. Note the shrunken 
nuclei and vacuoles. 

8 Excretory tubule. Note the granular degeneration and shrunken nuclei. 

9 Extreme case of granular degeneration. The supporting connective tissue 
has broken and allowed the debris to spread. Desquamated cells become round. 
Hyaline and hydropic degeneration not shown. 
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PLATE 3 

EXPLANATION OF FIGURES 
DlCilTIFORM GLAND. POTASSIUM CHROMATE 

10 Shows congestion at the center and cytolysis at the p>erjphery. 

11 Shows a normal tubule. 

12 and 13 Show different degrees of cytolysis with shrunken^ opaque nuclei. 
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PLATK 4 

EXPLANATION OF FIGURES 
SPIRAL VALVE. POTASSIUM CHROMATE 

14 Normal spiral valve. 

15 EflFcct on spiral valve of potassium chromate poisoning. Note the loss 
of innermost epithelium. Severe congestion. The entire section is poorly 
stained, although it was prepared similarly and stained simultaneously with the 
section shown in figure 14. 
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PLATE 5 

EXPLANATION OP FIGURKS 
KIDNEY. TARTARIC ACID 

16 Normal kidney. 

17 Kidney poisoned with tartaric acid. Note the shrunken nuclei, broken 
tubules, and debris. The very small black bodies in the cells of the excretory 
tubules are of eosinophilic hyaline substance. 

18 Normal excretory tubule. 

EFFECT OF TARTARIC ACID 

19 Small excretory tubule showing granular degeneration with shrunken 
opaque nuclei. 

20 Extreme stage of granular degeneration. The tubule is represented by a 
mere mass of di^bris. Note the surrounding cells with large eosinophilic granules. 

21 Hyaline degeneration, showing hyaline dropletij and shrunken nuclei. 
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PLATE 6 

EXPLANATION OF FIGURES 
KIDNEY, SPLEEN, AND GILL. URANIUM NITRATE 

(See figure 18 for normal kidney) 

22 Mild granular degeneration. 

23 Late granular degeneration. 

24 Granular and hydropic degeneration, but not typical of the latter type. 

25 Beginning of hyaline degeneration. Late stage not shown. 

26 Nuclei found in the blood-vessels and connective tissue of kidney, coming 
probably from endothelium of spleen and gills. 

27 Nuclei from the endothelium of the spleen and gill sinuses and probably 
representing abnormal amitosis in production of phagocytes. The cell *x' repre- 
sents a mitotic figure seen in the spleen. 
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EICHARD RATHBUN AND HIS CONTRIBUTIONS 
TO ZOOLOGY. 

In the October number of the Journal (page 620) men- 
tion was made of the death of Dr. Richard Rathbun^ 
Assistant Secretary of the Smithsonian Institution and 
for nearly twenty years in charge of the United States 
National Museum. 

Dr. Rathbun states in a brief autobiography which has 
kindly been placed in the hands of the writer that his 
interest in science dated from 1868 when, at the age of 
sixteen years, he was attracted by the fossils in the 
quarries near Buffalo, New York, in which he was 
employed as financial clerk and overseer of work. Fasci- 
nated by the glimpses of the ancient life of the world as 
revealed in Hugh Miller's ^'The Old Red Sandstone,'' 
young Rathbun set about the collection and study of the 
Silurian fossils occurring in the sandstones and lime- 
stones at Medina, Albion and Lockport, New York. 

In these early years, before he was nineteen years of 
age, he founded the collection of paleontology in the 
museum of the Buffalo Society of Natural Sciences, and 
was appointed curator of that section of the museum. 
At the age of nineteen Rathbun entered Cornell Univer- 
sity and continued his paleontological studies under the 
direction of Charles Fred Hartt. Here he remained for 
two years, devoting himself largely to the study of a 
collection of Devonian and Cretaceous Brachiopods 
and Lamellibranchs from Brazil. The results of these 
studies are embodied in Rathbun 's earliest scientific 
papers. 

The first of these, on the Devonian Brachiopoda of 
Erere, province of Para, Brazil, was completed at Albany 
with the assistance of Professor James Hall and pub- 
lished in the Bulletin of the Buffalo Society of Natural 
Sciences.* In this paper occur careful descriptions and 
illustrations of fifteen new species, while the remaining 
eight species of the collection are referred to previously 
described forms from North America. This paper was 
revised and elaborated four years later^ to include the 

* Beferences to bibliography are placed at the end of the paper. 

Am. Jour. Sci. -Fourth Sbrhes, Vol. XLVI, No. 276.— Dbcembbb, 1918.. 
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results of Rathbun's own collections and in it is incor- 
porated a discussion of the relationships of the Devonian 
fauna of Brazil and North America. 

The Devonian Trilobites and MoUusks of Erere, 
Province of Para, Brazil, collected by Professor Hartt in 
1870-71 are described in a joint paper by Hartt and Bath- 
bun, published in the Annals of the Lyceum of Natural 
History, New York.^ 

The study of the Cretaceous fossils of the Hartt col- 
lection required access to the collections in the Museum of 
Comparative Zoology of Harvard College, and here 
Bathbun remained from 1873 to 1875. At the same time 
he served as assistant in Zoology at the Boston Society of 
Natural History. These studies resulted in a prelim- 
inary report on the Cretaceous Lamellibranchs, including 
detailed descriptions of twelve new species.* During the 
years 1875 to 1878 Bathbun served as geologist to the 
Geological Commission of Brazil, where he made a study 
of the geological formations and the scanty mineral 
resources of several different provinces. While in Brazil 
he published a report of these geological studies includ- 
ing an account of his search for coal deposits and an 
extended survey of the coral reefs which lie along the 
coast.^ 

Several additional papers recording the results of his 
work in Brazil were published between 1876 and 1879. 
In one of these® the arrangement and formation of the 
Brazilian coral reefs and the characteristic life of the dif- 
ferent faunal zones are explained with great clearness. 
The Extinct Coral Beefs at Bahia,'' and the Coral Beefs 
of the Island of Itaparica, Bahia, and of Parahyba do 
Norte^ are the titles of other articles on the same subject. 
His geological papers include an interesting description 
of the Brazilian sandstone reefs and the agencies con- 
cerned in their formation® and reviews of the curxent lit- 
erature on the geology of Brazil.^** 

After Professor Hartt 's death from yellow fever early 
in 1878, Bathbun returned to the United States and pre- 
pared two papers describing the life and scientific work 
of his honored friend and teacher.^ ^ 

rfBathbun had already acquired some experience in the 
investigation of marine life from his connection with the 
explorations of the U. S. Fish Commission as voluntary 
scientific assistant during the summers of 1874 and 1875, 
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and on his return from Brazil in 1878 he again joined 
the Commission as a regularly appointed scientific 
assistant. His interest was thereby diverted from the 
paleontological field to that of recent animal life, and 
from this time on his zoological papers deal exclusively 
with living forms. 

He first followed Alexander Agassiz, with whom he had 
been associated at Harvard, in the study of Echinoids, 
• and his first paper in this new field comprises a list of 
eleven species of Echinoids from the coast of Brazil.^ ^ 
This was followed by a more detailed account of the geo- 
graphical distributions of all the species of echinoderms 
known from that locality^ ^ with descriptions of species 
new to science. Other papers on echinoderms include 
reports upon the echini and stalked crinoids collected by 
the U. S. F. C. steamer Albatross in the Caribbean Sea 
and Gulf of Mexico,^ ^ the species of starfishes of the 
genus Heliaster represented in the U. S. National 
Museum/® and a catalogue of the collection of recent 
echini in the U. S. National Museum, with notes on geo- 
graphical distribution.^^ 

Rathbun 's connection with the U. S. Fish Commission 
continued until 1896, during which time he published 
numerous papers describing the results of dredging 
expeditions off the eastern and southern coasts of the 
United States, and some of the new species of various 
groups of invertebrates secured. 

In 1879-1880 he was detailed to New Haven, where, 
under the direction of Professor Verrill, he prepared 
many duplicate sets of the various species of marine 
invertebrates represented in the Fish Commission's 
extensive collections for distribution to museums and 
other institutions of learning. At the same time he 
served as Assistant in Zoolojory at Tale, but in the follow- 
ing year the work was transferred to Washington, where 
he was appointed curator of the Department of Marine 
Invertebrates of the XJ. S. National Museum. Three 
large series of these sets were eventuallv prepared and 
the lists of species in each published in the Proceedings 
of the U. S. National Museum.^'' 

ITuder Rathbun 's direction collections of marine in- 
vertebrates were later prepared by the National Museum 
for various exhibitions. The catalogue of the collec- 
tion of economic crustaceans,, worms, echinoderms and 
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spiMg^es for the Great luteraatioikal Fisheriee ExMbiftktt 
at Linden m 1883^^ coutaiBS an excelleiut aeconaiit of thfi 
economb importaiice of tliese groupe and tbe inilttstries 
in which they are eoDboemed, while aaother catalogoe^* 
described the coUectioa lILiistratiDg the scieiitific investi- 
gation of the sea and fresh waters. He also prepared 
aBj(2 published the records of the dredging stations of the 
U. Sv Fish Commissiott for many years, in pcurt with tJgie 
cooperation of Sanderson Smith.^^ 

Duriog this period Rathbun continued his systematie 
studiea on various groups of invertebrates, publifihing 
annotated lists of corals iu the U. S. National Musemz^ 
with diagnoses of a number of new species^^ and a cat- 
alogue of the marine fauna of ProviocetowB^ Mass.^^ jj^ 
was also interested in the parasitic copepods, of which 
he published a list of the species in the United States 
National Museum^* and described many new f orms.^* 

In the economic aspects of marine biology Rathbun 
produced the best of all his zoological work, and rendered 
a great service both to science and industry. His 
account of the natural history of crustaceans, worms, 
radiates and sponges^ in Goode's Natural History of 
Aquatic Animals, published ia connection with the Tenth 
Census, is a work of the highest excellence. This was 
followed by three extensive reports on the history and 
methods of the fisheries. Of these, the first deals with 
the crab, crayfish, lobster, shrimp and prawn fisheries,^^ 
the second with the leech industry and trepang fishery ,2"^ 
and the third on the sponge fishery and trade.^® Other 
reports published in connection with the Tenth Census 
include an account of the various fishing grounds of 
North America,^® and a survey of the ocean tempera- 
tures of the eastern coasts of the United States.^** Altor 
gether these reports comprise 550 quarto pages and 106 
plates, and they form one of the most important o^ all' 
contributions to marine economic zoology.. 

Other economic papers include notes on the dtecrease 
of lobsters,®* lobster culture,®^ transplanting of lobsters 
to the Pacific Coast,^® the shrimp and prawn fisheries,**^ 
methods of deep-sea dredfeing;^ inve^jJgations by the 
schooner Grampus,®* a review of the fisheries' ih the con- 
tifl^ious waters of the State of Wa«hiffliptott and British 
Cotambia.®^ and an introduction to tiie trepoiyt on? the- Alba^ 
tross explorations in Alaska,®*^ in addttioijj to» yearlhr conr 
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tribatioias to the reports of the U, S, Oommission of Fish 
and Fisheries from 1888-1896 respecting food fishes and 
the fishing grounds. That he could also write in a popu- 
lar manner is shown by his articles on the *' Giant 
Squid,''«» and ^^The United States Fish Commission. ''^<> 

Rathbun's publications by no means represent his 
major service to the Fish Commission, for iis duties as 
ckief executive officer and in charge of tiie scientific work 
of the Commission, in addition to several terms as acting 
commissioner, gave him the opportunity, for which he 
was so well fitted, of devising and directing the scientific 
investigations of the entire staff. To his skillful man- 
agement much of the practical success of the Commission 
previous to 1896 is due. 

Very important services to economic zoology were ren- 
dered by him in preparing the evidence for the case 
of the United States in the Paris fur seal Tribunal, in 
arranging for yearly surveys of the fur seal peculation 
in the Bering Sea, and later as the United States repre- 
sentative on the '^ Joint Commission with Great Britain 
relative to the preservation of the fisheries in waters 
contiguous to the United States and Canada.'' During 
these years (1891-1896) the fisheries conditions were very 
thoroughly investigated and an extended report pub- 
lished by Congress."*^ 

In 1896 Bathbun severed his connection with the Fish 
Commission and entered upon the administrative service 
of the Smithsonian Institution, of which he was appointed 
Assistant Secretary early in 1897. His natural gener- 
osity caused him to devote more and more of his time 
and energies to his executive duties and from 1899, when 
he was placed in charge of the National Muse\im, he had 
little opportunity for original investigations. 

His later writings were mainly limited to his adminis- 
trative reports of the National Museum*^ during the 
years 1899 to 1917 in which he displayed great skill 
in the forceful presentation of the details required. To 
the building up and exhibition of the priceless collections 
of this great national institution and to the encourage- 
ment of its scientific research he gave his entire time and 
thoufirht for upwards of twenty years. 

His last publications relate to the culminating efforts 
of his life — the great new natural history building of the 
National Museum^' and the national gallery of art,** 



Digitized by 



Google 



762 Richard Rathbun. 

together with a paper of historical interest on the history 
of the Columbian Institute for the Promotion of Arts and 
Sciences.*® 

On the day of Dr. Bathbun's death, July 16, 1918, the 
staff of the Smithsonian Institution recorded ** their pro- 
found sorrow at the loss of a sincere friend, an executive 
officer of marked ability and one whose administration 
has had a wide influence upon the scientific institutions 
of the nation.'* 

To his far-sighted wisdom, administrative ability, and 
untiring zeal systematic and economic zoology owe much, 
and to him the American public for generations will be 
indebted for an exposition of natural history which has 
few rivals. 

For a brief account of the personal side of Dr. Bath- 
bun's life, his success as an executive of the U. S. 
Fish Commission, Smithsonian Institution and National 
Museum, together with the honors which were accorded 
him, the reader is referred to Dr. Marcus Benjamin's 
recent paper in Science.*^ 

Bichard Eathbun's scientific career may be summar- 
ized in a few words; a youthful enthusiast in paleon- 
tology, an investigator of the Devonian and Cretaceous 
deposits and the coral reefs of Brazil, a contributor to 
systematic paleontology and zoology; in middle life a 
leading authority on the economic aspects of marine 
zoology and the means of its investigation; but most 
prominently and gratefully recognized in his full matur- 
ity for his remarkable ability in the administration of 
the United States National Museum; to him in large 
measure the successful development of this great national 
center of research and exposition is due. 

Wesley B. Coe. 
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